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Die vorliegende Dissertation beschäftigt sich mit der Darstellung und Charakterisierung neu-
artiger bi- und multimetallischer Übergangsmetallkomplexe mit (Hetero)Aromaten als Brü-
ckenliganden. Den Schwerpunkt der Arbeit bildet dabei die Untersuchung der elektronischen 
Eigenschaften wie z. B. des Redoxverhaltens und des intramolekularen Elektronentransfers 
zwischen zwei Metallzentren dieser Komplexe mit Hilfe von (spektro)elektrochemischen Me-
thoden. Hierfür wurden verschiedenste Einflussfaktoren der Brückeneinheit und der redoxak-
tiven Endgruppe betrachtet. Zum einen wurde die unterschiedliche Kettenlänge (n = 1-4) in 
einer Reihe von Oligopyrrolen untersucht und zum anderen wurde die Auswirkung eines an-
deren Substitutionsmusters der Ferrocenyl-Gruppen am Pyrrol, in 3- und 4-Position, auf den 
Elektronentransfer studiert. Durch Verwendung von Ethinylferrocen wurden C,C-
Dreifachbindungen in die Brückeneinheit integriert, was in der Serie aus Pyrrol, Furan und 
Thiophen deren zusätzliche Untersuchung mittles IR-Spektroelektrochemie erlaubte.  
Diese Serie an fünf-gliedrigen Heterozyklen mit ähnlicher Geometrie wurde in weiteren Stu-
dien thematisiert. Hierzu kamen andere redoxaktive Übergangsmetallkomplex-Fragmente wie 
M(dppe)Cp (M = Fe, Ru; Cp = (η5-C5H5)) als auch RuCl(CO)(P
i
Pr3)2 zum Einsatz. Letzteres 
liefert mit dem Carbonyl-Ligand eine zusätzliche IR-Sonde. Des Weiteren wurden neben der 
chemischen Natur des Heteroatoms, der Elektronen-schiebende bzw. -ziehende Effekt ver-
schiedener Substituenten am Phenylring des N-Phenylpyrrols, welches als Brückenbaustein 
fungiert, auf die intramolekularen Wechselwirkungen zwischen zwei redoxaktiven 
Ru(CO)Cl(P
i
Pr3)2-Einheiten studiert. 
Zusätzlich wird die Synthese und (spektro)elektrochemische Charakterisierung von multime-
tallischen ethinylferrocenyl- und ferrocenyl-substituierten Benzolen beschrieben. 
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PRÄAMBEL 
1 
Präambel 
 
Im Rahmen der Dissertation an der Professur Anorganische Chemie der Technischen Univer-
sität Chemnitz wurden sechs, das Thema der Promotion betreffende, Publikationen erstellt.  
Diese Artikel sind inhaltlich unverändert und in englischer Sprache als Kapitel C bis H einge-
fügt worden. Alle diese Disseration betreffenden Manuskripte sind zum Zeitpunkt der Abgabe 
bereits publiziert (Kapitel C-F und H) oder sind den entsprechenden naturwissenschaftlichen 
Journalen zur Veröffentlichung vorgelegt (Kapitel G). Die Publikationen wurden selbststän-
dig unter Anleitung von Herrn Prof. Dr. H. Lang und Dr. A. Hildebrandt angefertigt. Auf den 
eigens geleisteten Beitrag an den Artikeln, die als Ergebnis einer arbeitsgruppenübergreifen-
den Kooperation entstanden sind, wird an entsprechender Stelle hingewiesen. Die Zusatzin-
formationen (Supporting Information) können auf den entsprechenden Internetseiten der 
Journale eingesehen werden. Die Nummerierung der aufgeführten chemischen Verbindungen 
orientiert sich gemäß der Bezeichnung des Manuskriptes, in welchem die wissenschaftlichen 
Ergebnisse veröffentlicht wurden. Auf verschiedenen Konferenzen wurden Inhalte dieser Ar-
beit in Form eines Vortrags oder Posters vorgestellt; der Anhang Referenzen gibt hierzu eine 
Übersicht. 
Die Kapitel A und B sowie die Zusammenfassung sind in deutscher Sprache verfasst. Erstere 
beinhalten neben der Motivation für diese Dissertation den Kenntnisstand. Abschließend sei 
noch darauf hingewiesen, dass auch in den Kapiteln C bis H ein aktueller Stand der Wissen-
schaft zu den jeweiligen Themengebieten in der „Introduction“ vorhanden ist. 
 
 
 
 
 
KAPITEL A 
2 
Kapitel A 
A Einleitung 
Die fortschreitende Modernisierung im Bereich der Informationstechnologie seit Ende des 20. 
Jahrhunderts fordert die Entwicklung immer neuer Materialien, welche eine hohe Leistungs-
fähigkeit, leichte Verarbeitbarkeit, hohe ökonomische Effizienz und Langlebigkeit in sich 
vereinen sollen. Dabei erwecken vornämlich π-konjugierte organische Verbindungen signifi-
kantes Interesse, da diese viele nützliche chemische, physikalische, elektronische und optische 
Eigenschaften wie zum Beispiel elektrische Leitfähigkeit, Elektrochromie oder Elektrolumi-
neszenz besitzen.  
Ein jüngstes industrielles Beispiel aus dem wachsenden Bereich der molekularen Elektronik 
ist die Erforschung und stetige Verbesserung von organischen Leuchtdioden (OLEDs). Zu 
Beginn der 1950er Jahre zeigten Andre Bernanose et al., 
A1,A2
 dass durch ein Wechselstrom-
feld der Farbstoff Acridinorange, eingelagert in dünne Zellophanschichten, zur Elektrolumi-
neszenz angeregt werden konnte. Eine andere wichtige Beobachtung machten Pope et al. 
A3 
1963, indem sie im Vakuum Gleichstrom-Elektrolumineszenz an einem 10-20 μm großen 
Anthracen-Einkristall fanden. Weitere Arbeiten auf diesem Gebiet, in welchen unter Verwen-
dung von Elektronen- und Löcher-erzeugenden Elektroden Elektrolumineszenz durch Elekt-
ronen-Loch-Rekombination beobachtbar war, 
A4,A5
 lieferten den Grundstein für den doppelten 
Ladungseintrag in heutigen OLEDs. Jedoch war die praktische Anwendung der OLED-
Technik, die auf Monolayer-Einkristallen basierte, in großem Maßstab zu diesem Zeitpunkt 
nicht gegeben, da die schlechte elektrische Leitfähigkeit (Spannungen über 400 V) und die 
Notwendigkeit großer hochwertiger Einkristalle Grenzen setzten. 
A6
 Die erste effiziente und 
mit niedriger Betriebsspannung (< 10 V) betriebene organische Leuchtdiode wurde 1987 von 
Tang und VanSlyke 
A7,A8
 entwickelt und bestand aus einem doppellagigen organischen dün-
nen Film zwischen zwei Elektroden. Die eine Schicht, präpariert aus einem aromatischen Di-
amin, gewährleistet nur den Loch-Transport, während die zweite organische Lage als Elektro-
nen-Transport-Schicht genutzt wird. Dabei kam Aluminium-tris(8-hydroxychinolin) 
A7,A9
 zum 
Einsatz, welches sich in mikrokristalliner Form mit Korngrößen im Nanometerbereich als 
Lichtemitter eignet. Dieser neuartige Aufbau führt zu höherer Effizienz, da die Elektronen-
Loch-Rekombination und die daraus resultierende Lichtemission zwischen den zwei organi-
schen Schichten stattfinden (Abbildung A1). Neben dem Einsatz von hoch-leitfähigen Poly-
meren wie Derivate des Poly(p-phenylen-vinylen) 
A10-A13
 oder Polyfluoren, 
A14,A15
 werden 
hauptsächlich Moleküle mit großen π-System wie metallorganische Chelate oder Derivate von 
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Triarylaminen, Perylen und Rubren verwendet. 
A16-A19
Aktuell sind OLEDs in Displays zahl-
reicher Unterhaltungselektronik verbaut wie Smart-Phones, Digitalkameras oder Tablet 
PCs.
A18
 Zukünftig werden sie auch in Flachbildschirmen und als Beleuchtungselemente in 
Möbeln, Gebäuden und Automobilen auftauchen. 
 
 
Abbildung A1. Schematische Darstellung einer OLED mit Beispielen für eine Loch- und 
Elektronen-Transport-Schicht. 
 
Um auch in Zukunft den Einsatz von molekularen elektronischen Bauteilen, wie zum Beispiel 
molekulare Drähte, Schalter und Transistoren, in der Industrie weiter zu etablieren, ist es es-
sentiell zu verstehen, wie der Elektronen-Transfer auf molekularer Ebene funktioniert. Hin-
sichtlich der Erhöhung der Energieeffizienz ist es notwendig zu wissen, in welcher Weise 
dieser beeinflusst und gesteuert werden kann. Dazu ist es zunächst sinnvoll, kleine Moleküle 
zu studieren. Jedoch bedarf es eines hohen technischen und zeitlichen Aufwands Einzelmole-
küle zu kontaktieren, weshalb sich in der Forschung Elektronenreservoirs in Form von redo-
xaktiven Endgruppen etabliert haben. Dieser Molekülaufbau, ein π-konjugiertes System als 
Brückenbaustein zwischen zwei oder mehreren redoxaktiven Übergangsmetallkomplexfrag-
menten, ermöglicht die Untersuchung und Charakterisierung des intramolekularen Ladungs-
transfers nach der Oxidation anhand der entstehenden gemischt-valenten Spezies. 
Im Mittelpunkt der vorliegenden Arbeit steht, neben der Synthese aller neuen Verbindungen, 
das Studium des Elektronentransfers unter Berücksichtigung verschiedener Aspekte wie Vari-
ation der Kettenlänge des π-Systems, der Anzahl und Position der redoxaktiven Substituenten 
und der Einfluss von Elektronen-Donatoren und -Akzeptoren am π-System. Weiterhin werden 
auch die Auswirkungen des Heteroatoms in fünfgliedrigen Heterozyklen, also innerhalb einer 
Lichtemission
Glassubstrat
Transparente Anode (ITO)
Elektronen-Transport-Schicht
Metallkathode (Ba oder Ca)
Emitter-Schicht
Loch-Transport-Schicht
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ähnlichen Molekülgeometrie, beleuchtet, sowie die Verwendung verschiedener redoxaktiver 
Gruppen. 
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Kapitel B 
B Kenntnisstand 
1. Elektronentransfer-Prozesse 
1.1 Unterteilung 
Eine Vielzahl chemischer Prozesse, die uns im Alltag begegnen, sind Elektronentransfer-
Prozesse, sei es die Photosynthese, 
B1,B2
 der Sauerstofftransport im Blut 
B3,B4
 oder einfach nur 
die aluminothermische Reaktion. Dabei unterscheidet man zwischen Redox-Reaktionen und 
Elektronenaustausch-Reaktionen. Bei ersteren werden zwischen den Reaktionspartnern ein 
oder mehrere Elektronen übertragen und die beteiligten Reaktanden werden oxidiert bzw. 
reduziert. Einhergehend mit den Bindungsbrüchen kommt es somit zu einer chemischen Ver-
änderung der Stoffe. Bei den Elektronenaustausch-Reaktionen tritt keine direkte chemische 
Veränderung der Verbindungen mit dem Ladungstransfer von einem Elektron auf. Die Pro-
zesse können in zwei große mechanistische Klassen unterteilt werden, den Outer-Sphere-
Mechanismus und den Inner-Sphere-Mechanismus. 
B5
  
Beim Outer-Sphere-Mechanismus basiert der Elektronentransfer auf dem Kollisionsmodell. 
B6
 
Während der Annäherung des Oxidations- und Reduktionsmittels kommt es zunächst zur Bil-
dung eines Vorläufer-Komplexes. Damit aber eine intermolekulare Elektronenübertragung 
stattfindet, müssen laut des Franck-Condon-Prinzips 
B7
 die beteiligten Orbitale energetisch 
gleich sein. Es bedarf somit einer freien Aktivierungsenergie ΔG≠, die sich aus drei Termen 
zusammensetzt: (i) die Reorganisation der Solvathülle sowie des Gegenions (ΔGo
≠
), (ii) der 
Ausgleich der Metall-Ligand-Bindungslängen und -winkeln infolge von Schwingungen 
(ΔGi
≠
) und (iii) die Energie, elektrostatische Abstoßung zwischen den Ionen zu überwinden 
(ΔGt
≠
). 
B6
 Nach erfolgtem Ladungsübertrag tritt die Dissoziation des Vorläufer-Komplexes in 
die Produktkomplexe ein. Es ist zu erwähnen, dass die Reaktionsgeschwindigkeit des Elekt-
ronentransfers größer ist, als die eines Ligandenaustausches. 
B8
 Generell gilt jedoch, dass gro-
ße geometrische Unterschiede zwischen den Reaktanden die Aktivierungsenergie vergrößern 
und folglich die Geschwindigkeitskonstante verkleinern. Weiche und leicht polarisierbare π-
Liganden wie das Phenanthrolin oder das 2,2´-Bipyridin können zur Beschleunigung der Re-
aktion beitragen. 
B8
  
Beim Inner-Sphere-Mechanismus erfolgt der Elektronentransfer, nach Initiierung eines Poten-
tialgefälles mittels Oxidation, zwischen zwei Metallzentren über einen kovalent gebundenen 
Brückenliganden, sprich intramolekular. Hat das Brückensystem vorwiegend Donor-
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Charakter, dann findet ein „Elektronen-Loch-Transfer“ über dessen HOMO statt. Akzeptor-
Eigenschaften führen hingegen zum Elektronentransfer über das LUMO der verbrückenden 
Einheit. 
B9-B12
 Gemischt-valente Verbindungen, deren Untersuchungenmethoden sowie die 
Theorie dieser Elektronentransfer-Reaktionen stehen in den weiteren Ausführungen im Mit-
telpunkt.  
 
1.2 Historischer Abriss 
Den Begriff „gemischt-valenter Komplex“ prägten Klotz et al. B13 im Jahr 1958. Sie unter-
suchten Kupfer-Verbindungen von Bernsteinsäure-Derivaten und fanden eine intensiv violette 
Färbung bei einem Kupfer(I)/Kupfer(II)-Komplex (siehe Abbildung B1).  
 
Abbildung B1. “Gemischt-valenter” Kupfer-Komplex nach Klotz et al. B13 
Die erste gemischt-valente Verbindung, welche bereits zu Beginn des 18. Jahrhunderts ent-
deckt und dokumentiert wurde, ist das Berliner Blau. Der tiefblaue Eisen(III)-
hexacyanoferrat(II)-Komplex, der als Preußisch Blau oder nach seinem Entdecker auch als 
Diesbach Blau 
B14
 bezeichnet wird, ersetzte zu diesem Zeitpunkt das bisher verwendete sehr 
teure Farbpigment Lapis Lazuli. Durch Versetzen einer Lösung gelben Blutlaugensalzes mit 
wässrigem Eisen(III)-Salz im Überschuss entsteht der oktaedrische [Fe4
III
(Fe
II
(CN)6]3·14H2O 
Komplex. 
B15,B16
 Wird hingegen rotes Blutlaugensalz mit einem Eisen(II)-Salz umgesetzt, 
entsteht ebenfalls die unlösliche Verbindung, das sogenannte Turnbulls Blau. Bei der Reakti-
on der Edukte im äquimolaren Verhältnis kann „kolloid gelöstes“ lösliches Berliner Blau bzw. 
Turnbulls Blau K[Fe
III
Fe
II
(CN)6] erhalten werden. 
B17
 Mit Hilfe der Röntgen-
Pulverdiffraktometrie 
B18
 und Mössbauer-Spektren 
B19
 konnte belegt werden, dass Berliner 
Blau und Turnbulls Blau im Festkörper identische Strukturen besitzen. Dies trifft auch für die 
Verbindungen in Lösung zu, welches kalorimetrische Studien zeigten. 
B20
 Arbeiten von Vor-
länder erklären die Berliner Blau Reaktion als zeitabhängige Reaktion, welche durch ver-
schiedene Säuren und Salze verlangsamt bzw. verhindert werden kann. 
B21
 Die intensive Far-
be beider Spezies beruht auf einem Ladungsübertrag zwischen Fe(II)- und Fe(III)-Ionen über 
die Cyanid-Liganden, 
B22
 wobei im Grundzustand und nach dem HSAB-Konzept die Fe(II)- 
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an das Kohlenstoffatom und die Fe(III)-Ionen an das Stickstoffatom der CN
–
 Gruppe gebun-
den sind. 
B23
 Dabei ist zu nahezu 100 Prozent das ungepaarte Elektron an den Fe(II)-Ionen 
lokalisiert. Basierend auf der Analyse der IVCT-Bande des Berliner Blau ordneten Robin und 
Day dieses als Klasse II System gemischt-valenter Verbindungen ein 
B22
 (Erläuterungen zur 
Klassifizierung nach Robin und Day sind in Abschnitt 1.3.2 zu finden). Weitere Komplexe, in 
denen durch die Anwesenheit zweier Wertigkeitsstufen des gleichen Elements intensive Far-
ben hervorgerufen werden, sind zum Beispiel schwarzgrünes Eisen(II,III)-hydroxid, blaues 
Cer(III,IV)-hydroxid oder blauschwarzes Cäsium-antimon(III,V)-chlorid. 
B24
 Die Palette an 
Verbindungen, anhand derer Robin und Day ihr Klassifizierungsmodell aufstellten, erstreckt 
sich über des gesamte PSE. 
B22
  
Eine der ersten molekular gebauten gemischt-valenten Verbindungen ist das Creutz-Taube-
Ion (Abb. B2), welches 1969 von Carol Creutz unter der Leitung von Henry Taube syntheti-
siert und charakterisiert wurde. Für seine Arbeiten über die Reaktionsmechanismen der Elekt-
ronenübertragung bei Metallkomplexen wurde Taube 1983 mit dem Nobelpreis ausgezeich-
net. Bei Untersuchungen auf energiearme optische Übergänge, konnte für den homobimetalli-
schen Ru(II)-Ru(III)-Komplex des Typs [(NH3)5Ru(μ-pyrazin)Ru(NH3)5]
5+
 im NIR-Bereich 
eine intensive Absorption bei 1560 nm beobachtet werden. 
B25
 Sie beschreibt die Photonen-
energie, die für den Elektronen-Transfer in einer gemischt-valenten Spezies notwendig ist. 
Somit wurde der gefundene Übergang als Intervalenz-Charge-Transfer der Ruthenium-
Zentren definiert, wobei die homovalenten Ru(II)-Ru(II)- bzw. Ru(III)-Ru(III)-Komplexe 
solch eine Absorption nicht aufwiesen. Zunächst wurde suggeriert, dass die Elektronenüber-
tragung zwischen unterschiedlich geladenen Ruthenium-Zentren (2+ und 3+) erfolgt. Doch 
die Charakteristika der Absorptionsbande im NIR deuten auf sehr starke elektronische Wech-
selwirkungen. Die Ruthenium-Ionen im Creutz-Taube-Komplex haben deshalb eine gemittel-
te Oxidationstufe von +2.5, denn die Ladung zwischen den Metallzentren liegt völlig deloka-
lisiert vor. Nach Robin und Day ist das Creutz-Taube-Ion ein gemischt-valentes System der 
Klasse III. 
B22
 Da es als Modellsystem zur Untersuchung des intramolekularen Elektronen-
transfers hervorragend geeignet war, wurde das Creutz-Taube-Ion (1) seit den siebziger Jah-
ren stetig modifiziert, zum Beispiel durch Variation des Brückenliganden (siehe Abbildung 
B2). 
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Abbildung B2. Creutz-Taube-Ion (1) und einige Derivate mit verschiedenen Brückeneinhei-
ten. 
B25-B30
  
 
Wird das Pyrazin durch starre aromatische Brückenbausteine wie 1,4-Di(pyridin-4-yl)benzen 
(2) 
B26
 oder Terephthalnitril (4) 
B27
 ersetzt, führt dies zu einer Verbreiterung der IVCT-Bande 
einhergehend mit einer Lösungsmittelabhängigkeit des Absorptionsmaximums. Auch durch 
die Verwendung des Dipyridylthiophens bzw. -furans (3) 
B28
 hat die Verlängerung des Metall-
Metall-Abstandes zur Folge, dass die elektronischen Wechselwirkungen zwischen den redo-
xaktiven Zentren geschwächt werden. Somit sind diese Verbindungen Systeme der Klasse II 
nach Robin und Day. 
B22
 Der Einsatz von 4-Vinylpyridin (5) 
B29
 führt sogar zu einer Lokali-
sierung der Ladung am Ruthenium-Zentrum und macht diese Verbindung zum Klasse I Sys-
tem. Eine Vergrößerung des organischen π-Systems durch Chinoxalin (6) B30 im Vergleich zu 
1 hat nur geringen Einfluss auf die Lage und Halbwertsbreite der IVCT-Bande. Der Vorteil 
des energetisch besseren π-Systems wird durch die stärkere sterische Hinderung zwischen 
dem Chinoxalin-Ligand und den Ru(NH3)5 kompensiert. 
B30
  
 
1.3 Gemischt-valente Übergangsmetallkomplexe – Messmethoden und Theorie  
Eine Vielzahl an Elektronentransfer-Untersuchungsmethoden, mit deren Hilfe man Ladungs-
transfer-Phänomene zwischen zwei oder mehreren redoxaktiven Gruppen erforschen kann, 
bezieht sich auf gemischt-valente Spezies. Diese sind ein einfaches Modellsystem und ver-
antwortlich für die Vielfalt und stete Weiterentwickelung von Elektronentransfer-Theorien. 
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Gemischt-valente Spezies können organischer oder anorganischer Natur sein, wobei in letzte-
ren die Metall-Redox-Zentren (M1 und M2) der Übergangsmetallkomplexfragmete unter-
schiedlich formale Oxidationstufen aufweisen. 
B31
 Als Konsequenz existiert eine Aktivie-
rungsbarriere, die für den Ladungsübertrag überwunden werden muss. Tabelle B1 zeigt diver-
se spektroskopische Methoden, mit denen man eine Aussage über den Betrag der Geschwin-
digkeit des intramolekularen Elektronentransfers in der gemischt-valenten Spezies treffen 
kann. 
B32,B33
 Das Zeitfenster der spektroskopischen Untersuchungsmethode beschreibt hier die 
Anregungs- (z. B. IR-, UV-Vis-Spektroskopie) bzw. Relaxationszeit (z. B. NMR-, Mössbau-
er-, ESR-Spektroskopie) der Elektronen bzw. Kerne. Ein Komplex ist elektronenlokalisiert, 
wenn der Elektronentransfer langsamer als das Zeitfenster der jeweiligen Messmethode ist. 
Ein schnellerer Ladungsaustausch steht für eine Delokalisation des Elektrons über beide Me-
tallzentren und die Brücke. Bei der Anwendung der verschiedenen Messmethoden kann es zu 
gegensätzlichen Ergebnissen kommen, weil beispielsweise der physikalische Zustand der zu 
untersuchenden Substanz die Elektronen-Transfer-Rate beeinflusst. 
B33
 Bei Festkörpern ist die 
elektronische Struktur abhängig vom Kristallgitter bzw. dem Kristallinitätsgrad (Einkristalle, 
Mikrokristalle oder glasartig gefrorene Lösungen) oder anderen Unregelmäßigkeiten wie der 
spezifischen Lage des Gegenions. Im Gegensatz zu diesen Einschränkungen ist die Lösungs-
mittelabhängigkeit des NIR-Absorptionsbandenmaximums ein besseres Kriterium zu Klassi-
fizierung gemischt-valenter Spezies (siehe Abschnitt 1.3.2), da die molekulare Struktur ohne 
komplizierte Packungseffekte betrachtet wird. 
B33
  
 
Tabelle B1. Zeitskala spektroskopischer Untersuchungsmethoden zur Einordnung der ge-
mischt-valenten Spezies. 
B32,B33
  
Messmethode NMR Mössbauer ESR NIR  IR 
Resonanz-
Raman 
UV-Vis 
Zeitfenster [s] 10
-3
-10
-8
 10
-7
-10
-9
 10
-7
-10
-11
 10
-11
 10
-13
 10
-13
 10
-14
 
 
1.3.1 Elektrochemie 
Die einfachste Möglichkeit, elektronische Wechselwirkungen zwischen zwei redoxaktiven 
Metallzentren zu beobachten, ist die sogenannte zyklische Voltammetrie oder Dreiecksspan-
nungsmethode. Mit dem Vorhandensein einer elektronischen Kopplung zwischen zwei end-
gebundenen identischen Metallzentren (M1 = M2) sollte jeweils ein reversibler Redoxprozess 
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beobachtet werden. Ein elektrochemisch reversibler Prozess existiert, wenn laut der Randles-
Sevčik-Gleichung bei 25 °C eine Proportionalität zwischen der Peakstromdichte (ip) und der 
Wurzel der Vorschubgeschwindigkeit (v) vorliegt (Gl. B1). 
B34
 Zudem ist ip von der Konzent-
ration (C) und der Diffusionsgeschwindigkeit (D) der redoxaktiven Spezies abhängig. Weiter-
hin steht A für die Elektrodenoberfläche. Wird beispielsweise die Peakstromdichte bei einer 
bestimmten Vorschubgeschwindigkeit gemessen und alle anderen Faktoren sind bekannt, so 
kann die Anzahl der am Ladungsaustausch beteiligten Elektronen (n) berechnet werden. Für 
einen reversiblen 1-Elektronen-Prozess gilt unter idealen Bedingungen (T = 25 °C; Dox = Dred) 
ein Grenzwert von 59 mV für die Differenz von Oxidations- (Ep,a) und Reduktionspeak (Ep,c) 
(Gl. B2), wobei diese von der Geschwindigkeit des Potentialdurchlaufs unabhängig ist. Da die 
Prozesse aber diffusionskontrolliert ablaufen, ist die Peakpotentialdifferenz ΔEp somit eine 
Funktion der Temperatur und beträgt beispielsweise für -50 °C nur noch 44 mV. 
B34
  
𝑖𝑝 = 2.69 ∙ 10
5 ∙ 𝑛3/2 ∙ 𝐴 ∙ 𝐷1/2 ∙ 𝐶 ∙ 𝑣1/2    (B1) 
∆𝐸𝑝 = 𝐸𝑝,𝑜𝑥 − 𝐸𝑝,𝑟𝑒𝑑 =  
2.3 ∙ 𝑅 ∙ 𝑇 
𝑛 ∙ 𝐹
=
0.059
𝑛
𝑉   (für T = 298 K)  (B2) 
 
Quasireversible und irreversible Prozesse sind abhängig von der Vorschubgeschwindigkeit 
v. 
B35
 Die ΔEp Werte sind größer als im reversiblen Fall und können für Erstere durch einen 
gehemmten Ladungs- oder Massentransport durch die elektrochemische Doppelschicht zu-
stande kommen. Dieser interne Zellwiderstand kann aber durch geeignete Kompensationsme-
thoden minimiert werden. 
B36,B37
 Für irreversible Prozesse weicht das Verhältnis der Peak-
stromdichten erheblich von Eins ab. 
B38
  
Mit Hilfe der Potentialdifferenz ΔE°′ zwischen zwei Redoxprozessen (E°1 und E°2) lassen sich 
Aussagen über die Lage des Komproportionierungsgleichgewichts (Gl. B3) sowie über die 
thermodynamische Stabilität der gemischt-valenten Spezies treffen, da ΔE°′ proportional zur 
Gleichgewichtskonstante KC ist (Gl. B4). Durch KC lässt sich auch die freie Enthalpie der 
Komproportionierung ΔG°c berechnen (Gl. B5), welche die Summe aus vier Termen ist (Gl. 
B6). 
B39
 ΔG°c setzt sich zusammen aus dem statistischen Entropiefaktor, welcher für ein Sys-
tem mit zwei redoxaktiven Gruppen bei Raumtemperatur 36 mV beträgt (= ½RT·ln¼), 
B40,B41
 
dem elektrostatischen Faktor ΔG°e (entsteht durch Abstoßung zweier gleichgeladener über 
einen Brückenligand verbundenen Metallzentren), dem synergistischen Term ΔG°s (z. B. durch 
Elektronenpolarisation, Metall-Ligand-Rückbindung) und dem Resonanzstabilisierungsfaktor 
ΔG°r . 
B39,B42
 In kleinen Molekülen trägt ΔG°e erheblich zur Redoxaufspaltung ΔE°′ bei. Winter 
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weist in seinen Arbeiten ausdrücklich darauf hin, dass auch im Fall von schwach wechselwir-
kenden Systemen der elektrostatische Effekt großen Einfluss nimmt und ΔE°′ nicht zweifels-
frei für die Zuordnung der Stärke der elektronischen Delokalisation in einer gemischt-
valenten Spezies herangezogen werden kann. 
B43
 Im Fall von Polyin-verbrückten System mit 
Klasse III Verhalten dominiert laut der Autoren der Resonanzstabilisierungsfaktor ΔG°r, wel-
cher in Beziehung zur direkten Metall-Metall-Wechselwirkung steht. 
B44
 Somit sollte eine 
vereinfachte Berechnung von ΔG°c möglich sein (ΔG°r  ≈ ΔG°c). 
B44
  
 
[𝑀1
𝑛 − 𝑀2
𝑛] + [𝑀1
𝑛+1 − 𝑀2
𝑛+1]  [𝑀1
𝑛 − 𝑀2
𝑛+1] + [𝑀1
𝑛+1 − 𝑀2
𝑛]  (B3) 
𝐾𝐶 =  
[𝑀1
𝑛−𝑀2
𝑛+1]2
[𝑀1
𝑛−𝑀2
𝑛]∙[𝑀1
𝑛+1−𝑀2
𝑛+1]
=  𝑒
∆𝐸°´∙𝐹
𝑅𝑇      (B4) 
∆𝐺𝑐
0 =  −𝑅𝑇 ∙ 𝑙𝑛𝐾𝐶 =  −∆𝐸°′ ∙ 𝐹     (B5) 
∆𝐺𝑐
0 =  
1
2
𝑅𝑇 ∙ 𝑙𝑛
1
4
+  ∆𝐺𝑒
0 +  ∆𝐺𝑠
0 +  ∆𝐺𝑟
0    (B6) 
Die vier Terme (Gl. B6) beinhalten noch andere Faktoren wie Solvatation, Ionenpaarung mit 
dem Gegenion des Elektrolyts oder strukturelle Verzerrung durch Oxidations- oder Redukti-
onsprozesse, die große ΔE°′ Werte verursachen. B31,B45,B46 Neben gering polaren Lösungsmit-
teln wie Diethylether oder Anisol, die die geladene Spezies schlechter solvatisieren, 
B46,B47
 
führen auch sogenannte schwach koodinierende Anionen (WCAs) zum Anstieg des ΔE°′ 
Wertes. Im Vergleich zu den klassischen Anionen wie [PF6]
-
, [BF4]
-
 oder [ClO4]
-
 haben 
WCAs ([B(C6F5)4]
-
, [B{C6H3(CF3)2}4]
-
, [Al{OC(CF3)3}4]
-
; weiche Basen) 
B48
 eine geringere 
negative Oberflächenladung. Analog zum HSAB-Konzept stabilisieren WCAs große und 
hochgeladene Kationen (weiche Säure) in Lösung besser. Die Redoxprozesse der monooxi-
dierten Spezies liegen dann bei kathodischeren Potentialen. 
B49,B50
 Die geringe Nukleophilie 
und die Tendenz zur Ionenpaarbildung resultieren auch in einer schwächeren Abschirmung 
der elektrostatischen Wechselwirkungen zwischen zwei positiv geladenen Metallzentren und 
somit einer größeren Redoxseparation. 
B51,B52
  
Für heterobimetallische Systeme (M1 ≠ M2) werden auch ohne intermetallische Wechselwir-
kungen zwei separierte Redoxprozesse gefunden, aufgrund der unterschiedlichen Redoxei-
genschaften der Metalle. Im Allgemeinen gilt: je stärker das erste Redoxpotential einer bime-
tallischen Spezies, im Vergleich zur monometallischen Verbindung, zu kathodischen Poten-
tialen verschoben ist, desto größer sind die elektronische Delokalisation und die Wechselwir-
kung. 
B31,B53
 Dies wird am Beispiel des Biferrocens (Klasse II/III System, E°1 = -230 mV, 
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ΔE°′ = 340 mV) und des Bisfulvalendieisens (Klasse III System, E°1 = -330 mV, ΔE°′ = 970 
mV) sehr gut deutlich. Verglichen mit dem monometallischen Ferrocen (E°′ = 0.0 V) ist in 
beiden Fällen der erste Redoxprozess signifikant zu niedrigen Potentialen verschoben (Dich-
lormethan – [NnBu4][B(C6F5)4]). 
B54
  
Mit Hilfe anderer voltammetrischer Methoden, wie zum Beispiel der Square Wave Voltam-
metrie oder der Linear Sweep Voltammetrie, ist es möglich, die Anzahl der Elektronen, die 
pro Redoxprozess abgegeben oder aufgenommen werden, zu bestimmen.  
Da generell die Elektrochemie kaum Aussagen zur Quantität des intramolekularen Elektro-
nentransfers in einer gemischt-valenten Spezies trifft und um mehr Einblick in die Art der 
Ladungsübertragung zu erhalten, ist es von Vorteil auch spektroskopische Untersuchungsme-
thoden heranzuziehen. 
 
1.3.2 UV-Vis/NIR Spektroelektrochemie 
Neben zahlreichen Untersuchungen am Creutz-Taube-Ion, initiierten bedeutende vorangegan-
gene theoretische Arbeiten sowohl von Allen und Hush, 
B55-B57
 als auch von Robin und 
Day 
B22
 die Synthese und die physikochemische Auswertung einer Vielzahl von anorgani-
schen gemischt-valenten Verbindungen. Seit dem ist die NIR-Spektroskopie eine gebräuchli-
che und erfolgreiche Methode zum Studium der elektronischen Verhältnisse in gemischt-
valenten bimetallischen Übergangsmetallkomplexen. Hush verfeinerte die von R. A. Marcus 
entwickelte Theorie, 
B58
 die ursprünglich auf Untersuchungen zu Selbstaustausch- und Kreuz-
reaktionen zwischen Metallionen in Lösung basierte, 
B59
 und ermöglichte somit die Analyse 
von gemischt-valenten Systemen hinsichtlich der Stärke der Ladungsdelokalisierung Hab. Da-
zu wurden die charakteristischen Bandenmerkmale des Inter-Valenz-Charge-Transfer Über-
ganges studiert, der durch einen optisch induzierten intramolekularen Elektronentransfer in 
einer gemischt-valenten Spezies typischerweise im NIR-Bereich (1000-3000 nm ≈ 10000-
3333 cm
-1
) auftritt. Diese Vorgehensweise erlaubt auch die Bestimmung eines anderen wich-
tigen Elektronentransfer-Parameters, der Reorganisationsenergie λ. Anhand von verschiede-
nen beobachtbaren Eigenschaften teilten Robin und Day gemischt-valente Komplexe in drei 
Klassen ein. 
B22
 Das Zusammenspiel zwischen dem elektronischen Kopplungsparamater Hab 
und λ macht ebenfalls die Zuordnung der Systeme in besagte Klassen deutlich. 
Für einen symmetrischen bimetallischen Komplex der Klasse I werden keine elektronischen 
Wechselwirkungen zwischen den isolierten Metallzentren gefunden und die Ladung ist voll-
ständig an einem Metall lokalisiert (Hab = 0). Neben der Tatsache, dass im CV keine Re-
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doxseparation für zwei oxidierte Metalle auftritt und das Integral des Redoxpotentials zwei 
Elementarladungen ergibt (n = 2), werden auch IVCT-Übergänge nicht detektiert. Das ist der 
Fall, wenn M1 und M2 weit voneinander entfernt sind bzw. keine π-konjugierten Brückenlig-
anden existieren oder die Wechselwirkung Symmterie- oder Spin-verboten ist. 
B22
 Diese Situ-
ation ist im linken Bild von Abbildung B3 veranschaulicht, welche in einem Zwei-Zustands-
Modell durch eindimensionale parabolische Potentialenergiekurven den Elektronentransfer in 
einem dinuklearen verbrückten Komplex verdeutlicht. Die dimensionslose Reaktionskoordi-
nate (X) repräsentiert hierbei eine Mischung aus asymmetrischen Metall-Ligand- und Lö-
sungsmittel-Streckschwingungen. 
B39
 Außerdem entsprechen die optischen und elektronischen 
Eigenschaften von Klasse I Verbindungen der Summe ihrer separierten Metallkomplexe. 
 
 
Abbildung B3. Potentialenergiekurven für den Elektronentransfer in einem homobimetalli-
schen Komplex mit Brückenligand. 
B39
  
 
Eine Vielzahl der gemischt-valenten Übergangsmetallkomplexe lässt sich in die Klasse II 
einordnen. Bei schwach bis moderat koppelnden Systemen (0 < Hab < λ/2) ist die Ladung 
zwar immer noch lokalisiert („valence-trapped“), jedoch kann ein Inter-Valenz-Charge-
Transfer durch optische oder thermische Anregung erfolgen. Die Geschwindigkeit, mit der 
das einzelne Elektron dann zwischen den Metallen hin und her wechselt, kann, abhängig von 
der verwendeten Methode zur Untersuchung der gemischt-valenten Spezies, auf der Zeitskala 
(Abb. B3) eingeordnet werden. Klasse II Systeme besitzen sowohl neue optische und elektro-
nische Eigenschaften, zusätzlich zu denen der Einzelkomponenten, als auch Halbleitereigen-
schaften im Festkörper 
B22
 und zeigen die typische IVCT-Absorption im NIR-Bereich. Im Fall 
der photoneninduzierten Anregung (hν) findet ein vertikaler Übergang zwischen den adiabti-
schen Zuständen statt, das heißt vom Potentialminimum des Grundzustandes (X = 0) zum an-
geregten Zustand (Abb. B3, Mitte). Die Anregung hν ist hierbei abhängig vom Bindungslän-
genausgleich und von der Reorganisation der Solvathülle. Nach einer Relaxation in den Ein-
E
n
e
rg
ie
Klasse I Klasse II Klasse III
Reaktionskoordinate (X)
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fach-Minimums-angeregten Zustand (X = 0.5) findet der Landungstransfer zwischen den un-
terschiedlich valenten Metallatomen statt. Wird der IVCT-Prozess thermisch induziert, dann 
erfolgt der Elektronentransfer entlang der Reaktionskoordinate X von einem Energieminimum 
des Edukt-Zustandes zum anderen des Produkt-Zustandes (siehe Abb. B3). Hierbei muss je-
doch noch eine Aktivierungsbarriere Eth überwunden werden (Gl. B7), was durch ein Anglei-
chen der Bindungslängen realisiert wird. 
B39
  
 
𝐸𝑡ℎ = 𝜆/4 − 𝐻𝑎𝑏 +  𝐻𝑎𝑏
2/𝜆    (B7) 
 
Die detektierten IVCT-Banden haben eine Gauss-förmige Bandenform und zeichnen sich 
durch große Halbwertsbreiten (Δν1/2 ≥ 2000 cm
-1
), kleine Extinktionskoeffizienten (εmax ≤ 
5000 M
-1
cm
-1
) und solvatochromes Verhalten aus. Da es infolge des Ladungstransfers zu ei-
ner Umkehr des Dipolmomentes kommt, ist die Energie (νmax) der Bande abhängig von der 
Polarität des Lösungsmittels. 
B60
 Der angeregte Zustand wird durch polare Solvens schlecht 
stabilisiert, während es beim Grundzustand genau umgekehrt ist. Dies führt zu einer hyp-
sochromen Verschiebung des Absorptionsmaximums. 
B61
  
Mit Hilfe des Hush-Theorems (Gl. B8) kann der elektronische Kopplungsparamter Hab an-
hand der physikalischen Parameter der Absorptionsbande bestimmt werden. 
B39
 Im Fall von 
Klasse II Systemen wird oftmals für rab näherungsweise der geometrische Metall-Metall-
Abstand aus der Einkristall-Röntgenstrukturanalyse genommen. Für schwach koppelnde Sys-
teme ist dies meist zutreffend. Jedoch führt in Systemen mit stärkerer Kopplung eine teilweise 
Ladungsdelokalisation durch den signifikanten Beitrag von Brückenorbitalen zu den nichtadi-
abatischen Zuständen, zu geringeren rab Werten als den tatsächlichen geometrischen Abstän-
den. In diesem Zusammenhang wird Hab häufig unterschätzt. 
B31,B62,B63
 
 
𝐻𝑎𝑏 =
2.06∙10−2(𝜀𝑚𝑎𝑥∙𝜈𝑚𝑎𝑥∙∆𝜈1/2)
1/2
𝑟𝑎𝑏
    (B8) 
 
Steigt Hab, wird auch der vertikale Abstand zwischen den Adiabaten größer, welcher wiede-
rum durch das Zusammenrücken der Reaktant- und Produktminima kompensiert wird. 
B39
 
Klasse II Systeme mit starken elektronischen Wechselwirkungen zwischen den Metallen wer-
den als „borderline“-Systeme bezeichnet und besitzen Eigenschaften zwischen Klasse II und 
III. Der Delokalisierungsgrad reicht hier an Klasse III Systeme heran, da Ligandorbitale mit 
Metallorbitalen wechselwirken und sich das einzelne Elektron auf der Brücke sowie am Me-
tall aufhält. Verbindungen der Klasse III sind der gegensätzliche Grenzfall zu Klasse I. Hier 
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liegt eine komplette Ladungsdelokalisation über das gesamte Molekül vor (Hab ≫ λ/2). Die 
thermisch anregbare Barriere zum intramolekularen Elektronentransfer verschwindet und die 
Adiabate des Grundzustandes zeigt ein einzelnes Minimum bei Xmin = 0.5 (Abb. B3, rechts). 
Zwischen den einzelnen redoxaktiven Gruppen kann nicht mehr unterschieden werden, wes-
halb der Begriff „gemischt-valent“ auch nicht mehr zutreffend ist und „durchschnittlich-
valent“ diesen Zustand besser beschreibt. B22,B39 Die Absorptionsbanden im NIR-Bereich re-
präsentieren den Übergang zwischen den zwei delokalisierten Zuständen. 
B31,B57
 Sie zeichnen 
sich durch Lösungsmittelunabhängigkeit, schmale Halbwertsbreiten (Δν1/2 ≤ 2000 cm
-1
) und 
hohe Extinktionskoeffizienten (εmax ≥ 5000 M
-1
cm
-1
) aus, wobei die Gauss-Form einer 
Asymmetrie weicht. Für Klasse III Systeme kann der elektronische Kopplungsparameter di-
rekt aus der Energie des Übergangs bestimmt werden (Gl. B9). Weiterhin steht die freie Ent-
halpie der Resonanzstabilisierung ΔG°r  (siehe Kapitel 1.3.1) für moderat koppelnde (Gl. B10) 
und delokalisierte Systeme (Gl. B11) in Beziehung mit dem elektronischen Kopplungspara-
meter. 
B39
  
 
𝐻𝑎𝑏 =  
1
2
𝜈𝑚𝑎𝑥      (B9) 
−∆𝐺𝑟
0 =
2𝐻𝑎𝑏
2
𝜆
= 2𝐻𝑎𝑏
2/𝜈𝑚𝑎𝑥    (B10) 
−∆𝐺𝑟
0 = 2 (𝐻𝑎𝑏 −
𝜆
4
) =  𝜈𝑚𝑎𝑥 −
𝜆
2
    (B11) 
 
Robin und Day unterscheiden Klasse III Systeme für ionisch gebaute Verbindungen in Klasse 
III-A und Klasse III-B, wobei in Ersteren die Delokalisation der Elektronen innerhalb eines 
Festkörpers räumlich begrenzt vorliegt. 
B22
 Ein gutes Beispiel ist hier der Ladungstransfer von 
Na zu Na
+
 in einem Defektstellen-behafteten Natriumchlorid-Kristall, beobachtbar durch eine 
Blaufärbung. 
B64
 In Klasse III-B Systemen ist das gesamte Kationensubgitter delokalisiert, 
woraus eine gute Leitfähigkeit resultiert. 
B22
  
Gemischt-valente Verbindungen weisen neben der IVCT-Bande zusätzliche Absorptionsban-
den auf, die auch mit Ladungstransferprozessen einhergehen. Daher entwickelten Creutz, 
Newton und Sutin eine Theorie, die auf den klassischen Zwei-Zustands-Modellen vom Mar-
cus und Hush, welche nur die Wechselwirkungen zwischen zwei Metallen berücksichtigen, 
basiert. Diese Theorie beschreibt auch das Auftreten von LMCT- und MLCT-Übergängen bei 
Systemen der Klasse II und III mit Hilfe von Drei- oder Mehr-Zustands-Modellen. 
B9
 Die al-
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ternative Klassifizierung beinhaltet die experimentell gefundenen und erwarteten Halbswerts-
breiten (Gl. B12 und B13). Mit zunehmender Delokalisation wird Δν1/2 schmaler. 
 
(∆𝜈1/2)𝑡ℎ𝑒𝑜 = (16𝑅𝑇 ln 2 𝜆) 
1/2 = (2310 ∙ 𝜈𝑚𝑎𝑥)
1/2   (B12) 
𝛤 = 1 −
∆𝜈1/2
(∆𝜈1/2)𝑡ℎ𝑒𝑜
      (B13) 
Für Klasse II Systeme mit einer schwachen Kopplung gilt 0 < Γ < 0.1 und liegt Γ zwischen 
0.1 und 0.5, handelt es sich um moderat wechselwirkende Klasse II Systeme. Ein Wert von Γ 
≈ 0.5 ist für die „borderline“-Klasse II/III Systeme signifikant, wobei für Klasse III Systeme 
der Wert Γ > 0.5 ist. Der Klassifizierungsparameter Γ steht im Einklang mit anderen Studien 
hinsichtlich der Einordung nach der Stärke der elektronischen Kommunikation in einer ge-
mischt-valenten Spezies. 
B9,B31
  
Um die Resultate spektroelektrochemischer Messungen zu untermauern, ist es meist sinnvoll, 
die Übergangsmetallkomplexe chemisch zu oxidieren und zu isolieren. Dazu muss jedoch das 
chemische Gleichgewicht komplett auf der Seite der gemischt-valenten Spezies liegen (hoher 
KC-Wert), da sonst auch nicht bzw. komplett oxidierte Spezies erhalten werden (gilt nur für 
M1 = M2). 
 
1.3.3 Weitere Messmethoden zur Untersuchung des Elektronen-Transfers 
Eine Reihe anderer spektroskopischer Methoden trägt dazu bei, die gemischtvalente Spezies 
nach der Stärke der elektronischen Wechselwirkungen noch weiter zu verifizieren. Die Ein-
kristall-Röntgen-Strukturanalyse eignet sich gut, um Metall-Ligand-Bindungslängen zu über-
prüfen. Unterschiedliche Bindungslängen an den redoxaktiven Gruppen sprechen für eine 
Ladungslokalisation, hingegen ahnliche für eine Delokalisation. 
B65
 Nachteilig sind hier je-
doch lange Messzeiten und Fehlordnungen im Kristallgitter, welche zu gemittelten Bindungs-
längen führen. Der τ-Parameter, als normierter Quotient von Einfach- (d0C-C = 1.54 Å) und 
Doppel-Bindungslängen (d
0
C=C = 1.34 Å) (Gl. 14), kann genutzt werden, um den Delokalisie-
rungsgrad der π-konjugierten Brücke zu bestimmen. Somit können auch Rückschlüsse auf die 
elektronische Kopplung gezogen werden. Für komplett lokalisierte Systeme ist τ = 0, während 
sich der Wert für delokalisierte Systeme 1 nähert. 
B66
  
𝜏 = 1 +  
(𝑑𝐶−𝐶/𝑑𝐶=𝐶)−1
1−(𝑑𝐶−𝐶
0 /𝑑𝐶=𝐶
0 )
    (B14) 
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Die Mößbauer-Spektroskopie ist sehr gut auf Eisen-haltige Systeme anwendbar und somit für 
eine Vielzahl von Ferrocen-haltigen Verbindungen. Durch Anregung des Eisenkerns mit 
Gammastrahlung, kann dessen Oxidationszustand bestimmt werden. Das Quadrupol-Splitting 
ist hinsichtlich der elektronischen Kopplung besonders aussagekräftig. Für Eisen(II) ist QS ≈ 
2 mm/s und für Eisen(III) gilt QS < 1 mm/s. Folglich zeigen Klasse I Verbindungen mit zwei 
Eisenzentren zwei Dubletts mit eben diesen Werten. Für Systeme der Klasse II und III wird 
ein Dublett mit QS ≈ 1.5 mm/s gefunden, wenn die Elektronentransferrate schneller als 107 s-1 
ist. 
B67
  
Durch die VT-NMR-Spektroskopie werden gemischt-valente Verbindungen mit paramagneti-
schen Anteilen über einen großen Temperaturbereich untersucht. Dabei werden Protonen be-
trachtet, die durch Rotation keine Abstandsveränderung zum potentiellen Radikal erfahren. 
Über den Temperaturbereich ist eine Verschiebung der Signale zu beobachten, wobei in der 
Nähe des Protons mit dem größten Shift das freie Elektron sitzt. 
B31,B68,B69
 
Mit Hilfe der ESR-Spektroskopie lassen sich Informationen über den Aufenthalt des freien 
Elektrons im gemischt-valenten Komplex finden, das heißt ob es eher am Metall oder der 
Brücke lokalisiert ist. Weiterhin konnten Dong und Hendrickson 
B65
 einen Zusammenhang 
zwischen der Elektronentransferrate t und des Anisotropie-Tensors Δg* feststellen (Gl. B15, g 
= Landé-Faktor). Lokalisierte Systeme (t < 10
8
 s
-1
) ergeben ein ESR-Spektrum mit einer gro-
ßen Anisotropie (Δg* > 1.5), bei delokalisierten Verbindungen verhält es sich umgekehrt (t > 
10
8
 s
-1, Δg* < 1.1). Ein temperaturabhängiges Mößbauer-Verhalten, das heißt lokalisierter 
Charakter bei tiefer Temperatur und Delokalisation mit Temperaturanstieg, haben Verbindun-
gen mit Anisotropiewerten zwischen 1.1 und 1.5. 
B65,B68
  
∆𝑔∗ =  𝑔∥ −  𝑔⊥      (B15) 
Die IR-Spektroskopie ist die schnellste Spektroskopie-Methode auf der Zeitskala (10
13
 s
-1
), 
womit eine Delokalisierung gleichbedeutend für eine „komplette Delokalisierung“ ist. Jedoch 
ist für die Untersuchung der gemischt-valenten Spezies eine IR-aktive Sonde notwendig, bei-
spielsweise eine C,C-Dreifachbindung oder ein Carbonyl-Substituent. 
B70,B71
 Gemischt-
valente Verbindungen, die auf der IR-Zeitskala lokalisiert sind, zeigen zwei Absorptionen für 
die isolierten Redoxgruppen. Im Fall von acetylidischen MV-Verbindungen liegen die Ban-
den für die kumulenische Schwingung und für die C≡C Schwingung nebeneinander vor, wo-
bei Erstere aufgrund der geringeren Bindungsordnung als bei der C≡C Bindung, bathochrom 
verschoben ist. Für Moleküle mit moderaten Wechselwirkungen (Klasse II) werden auch zwei 
Banden gefunden, deren Absorptionsmaxima aber im Vergleich zu den Schwingungen der 
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Einzelkomponenten stark verschoben sind. 
B72-B74
 Gemittelte, bathochrome Absorptionsban-
den findet man für die delokalisierten Klasse III Systeme. Im Gegensatz zur C≡C Bindung 
wird die intensive Bande des CO-Substituenten während der Oxidation zu höherer Energie 
verschoben, da die π-Rückbindung von den Metall-d-Orbitalen zu den Carbonyl-π*-Orbitalen 
geschwächt wird. Folglich steigt die Bindungsordnung der CO-Bindung und gleichzeitig sinkt 
die Ladungsdichte am Metallzentrum. Im Jahr 2000 berichteten Geiger et al. 
B75
 über eine 
weitere Methode die Stärke der elektronischen Wechselwirkung in einer MV-Spezies anhand 
der Verschiebung der Carbonyl-Streckschwingung während der einzelnen Oxidationsstufen 
zu bestimmen. Der Ladungsdelokalisationsparameter Δρ lässt sich nach Gleichung B16 be-
rechnen. νox und νred sind die Schwingungsfrequenzen der komplett oxidierten bzw. reduzier-
ten Spezies, wobei Δνox der Energieunterschied des vollständig oxidierten Komplexes und der 
höherenergetischen CO-Bande der MV-Form (ν´ox) ist und Δνred die Differenz zwischen nied-
rigenergetischer CO-Bande (ν´red) und reduzierter Form wiederspiegelt. Die Grenzen 0 und 
0.5 des Δρ Wertes markieren die Klasse I bzw. III für gemischt-valente Systeme. B62,B75  
∆𝜌 =  
∆𝜈𝑜𝑥+ ∆𝜈𝑟𝑒𝑑
2∙(𝜈𝑜𝑥− 𝜈𝑟𝑒𝑑)
=  
(𝜈𝑜𝑥− 𝜈´𝑜𝑥)+ (𝜈´𝑟𝑒𝑑− 𝜈𝑟𝑒𝑑) 
2∙(𝜈𝑜𝑥− 𝜈𝑟𝑒𝑑)
   (B16) 
 
2. Metallorganische Verbindungen mit heteroaromatischen Brücken-
bausteinen 
2.1 Redoxaktive Substituenten 
Seit seiner Entdeckung durch Kealy und Pauson 
B76
 ist der Sandwich-Komplex Ferrocen ein 
vielfältig verwendeter Baustein in der metallorganischen Chemie. 
B77
 Der Metallkomplex ist 
chemisch vielfältig einsetzbar und lässt sich leicht funktionalisieren, 
B77
 weshalb die ge-
wünschten Moleküle relativ einfach zugänglich sind. Weiterhin zeigt das Redoxpaar 
[Fe(II)/Fe(III)] der elektronenreichen Gruppe eine exzellente elektrochemische Reversibili-
tät 
B78,B79
 und viele Ferrocenyl-Verbindungen sind unter den jeweiligen elektrochemischen 
Bedingungen auch in oxidierter Form stabil. Den Grundstein für die Elektronentransferstudien 
an meist ferrocenyl-basierten gemischt-valenten Verbindungen legte Cowan in den 1970er 
Jahren. An einer Reihe von Biferrocenylsystemen, 
B78,B80
 welche über ein oder mehrere Ace-
tylene verbrückt sind, konnte die Abhängigkeit der Stärke des Elektronentransfers vom Me-
tall-Metall-Abstand gezeigt werden. Die Intensität der IVCT-Absorptionsbande sinkt mit stei-
gender C,C-Dreifachbindungsanzahl und wird gleichzeitig hypsochrom verschoben. Somit 
gehören die Verbindungen in die Klasse II. 
B78
 Das gemischt-valente Bisfulvalendieisen und 
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das Ferrocenophan-1,13-diyn hingegen werden von Cowan in die Klasse III eingeordnet, 
B81
 
da sie eine starke Ladungsdelokalisation aufweisen. Ursache hierfür ist die geringe Drehbar-
keit der redoxaktiven Gruppen durch die fixierte Struktur, was zu einer besseren Metall-
Metall-Wechselwirkung über die Brücke führt. 
B82
  
In den letzten Jahren kamen immer häufiger andere redoxaktive Gruppen zum Einsatz wie 
zum Beispiel diverse Halbsandwich-Komplexe 
B74,B83-B91
 oder Metallhydride 
B62,B92-B99
 (Abb. 
B4), welche mit terminalen Alkinen umgesetzt wurden. Diese Redox-Endgruppen verhalten 
sich im Hinblick auf Stabilität und Reversibilität ähnlich wie die Ferrocenyl-Gruppe. Der grö-
ßere Metall-Metall-Abstand durch die zusätzliche Alkenyl- bzw. Alkinylgruppe am Brücken-
ligand kann durch die direkte Metall-Kohlenstoff-Bindung und somit bessere Orbitalüberlap-
pung zwischen Metall und Brücke kompensiert werden. 
 
Abbildung B4. Ausgewählte Beispiele für redoxaktive Halbsandwich-Gruppen und Metall-
hydride. 
 
2.2 Fünf- und sechsgliedrige Heteroaromaten als π-konjugiertes Brückensystem 
Durch ihre strukturelle Vielfalt und interessanten physikalischen, elektrochemischen und pho-
tochemischen Eigenschaften finden Heterozyklen potentiell Anwendung in der anorganischen 
und metallorganischen Chemie sowie den Materialwissenschaften. 
B100
 Vor ca. 50 Jahren 
wurden bereits Heterozyklen mit redoxaktiven Endgruppen dargestellt, 
B101
 doch erst seit rund 
20 Jahren werden die elektrochemischen Eigenschaften diese Verbindungsklasse intensiv un-
tersucht. Die Systeme, die bisher am häufigsten im Mittelpunkt standen, sind fünfgliedrige 
Heteroaromaten, welche vornehmlich mit Ferrocen als terminales Redoxzentrum funktionali-
siert sind. An dieser Stelle sei auf den Übersichtsartikel „5-Membered heterocycles with di-
rectly-bonded sandwich and half-sandwich termini as multi-redox systems: synthesis, reacti-
vity, electrochemistry, structureand bonding“ verwiesen, B100 in dem Literaturbeispiele bis 
2011 zusammengefasst sind. Im Fokus dieses Artikels stehen das elektrochemische Verhalten 
und Elektronentransferprozesse von Fünf-Ring-Heteroaromaten mit Elementen der dritten bis 
sechsten Hauptgruppe und/oder Übergangsmetallen des d-Blocks, sowie mit besagten direkt 
gebundenen Bi- oder Multi-Redoxgruppen. Elektronentransferstudien zu heteroaromatisch 
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verbrückten Halbsandwich- oder Ruthenium-Vinyl-Komplexen sind weniger bekannt und 
können in den Referenzen [102]-[108] und [109], [110] nachgeschlagen werden. 
Beispiele für sechsgliedrige Heteroaromaten mit direkt gebundenen bi- oder multimetalli-
schen Redox-Gruppen sind selten, da diese im Vergleich zu den Fünf-Ring-Heterozyklen als 
elektronenarmer Brückenligand den Elektronentransfer in einer gemischt-valenten Spezies 
nicht begünstigen. Die folgenden Kapitel sollen nun einen Überblick über neue Erkenntnisse 
zum Elektronentransfer in heteroaromatischen Systemen aus den letzten vier Jahren geben. 
Dabei wurden hauptsächlich Modifikationen am Heteroatom bzw. den Brückenelementen 
(größere π-Systeme) vorgenommen sowie Stellschrauben in Form von elektronenschiebenden 
und/oder -ziehenden Funktionalitäten an der redoxaktiven Einheit oder der Brücke ange-
bracht. 
 
2.2.1 Fünfgliedrige Heterozyklen 
2.2.1.1 Modifikation der heterozyklischen Brückeneinheit 
In einer Reihe 2,5-Diferrocenyl-substituierter Thiophen-, Furan- und N-funktionalisierter Pyr-
rrol-Komplexe konnte gezeigt werden (Abb. B5), welchen Einfluss die Natur des Hete-
roatoms und diverse elektronenschiebende und -ziehende Gruppen auf die Stärke der elektro-
nischen Kommunikation zwischen den Eisenzentren haben. 
B41,B50,B111,B112
 Die metallorgani-
schen Komplexe, welche über eine Negishi C,C-Kreuzkupplungsreaktion der jeweiligen bro-
mierten Heteroaromaten mit FcZnCl zugänglich waren, wurden mit (spektro)elektro-
chemischen Methoden studiert. Dabei wurde innerhalb dieser Serie an Verbindungen mit ähn-
licher Molekülgeometrie eine lineare Abhängigkeit zwischen der Redoxseparation ΔE°′ und 
der Oszillatorstärke f des IVCT-Übergangs für die entsprechenden monooxidierten Spezies 
gefunden. Mit Hilfe dieses Zusammenhangs war es nun möglich die Resonanz- und Nichtre-
sonanzbeiträge von ΔG°c zu bestimmen und den effektiven Elektronentransferabstand rab aus 
dem Anstieg der Geradengleichung zu berechnen. Der Wert rab, welcher für Klasse II Syste-
me zur Bestimmung des elektronischen Kopplungsparameters Hab verwendet wird (siehe Ab-
schnitt 1.3.2), ist durch partielle Delokalisation von Grenzorbitalen in den heterozyklischen 
Ring kleiner als der geometrische Metall-Metall-Abstand. 
B41
 Diese Methode ist eine elegante 
Alternative gegenüber der Röntgen-Einkristallstrukturanalyse, quantenmechanischen Berech-
nungen oder Elektronen-Absorptions-Spektroskopie, um rab in einer Serie strukturähnlicher 
gemischt-valenter Komplexen zu bestimmen. 
B43
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Abbildung B5. 2,5-Diferrocenyl-substituierte Heterozyklen. 
B41,B113
  
 
Interessanterweise ist auch eine lineare Abhängigkeit zwischen der Redoxseparation ΔE°′ und 
der Hammett Konstante σ für die Substituenten in 10-15 festzustellen, wobei deutlich wird, 
dass elektronenreiche Heteroaromaten als „Elektronenleiter“ besser geeignet sind als elektro-
nenarme. 
B41,B111
 Vor kurzem wurde von Li-Min et al. diese Serie um vier weitere 2,5-
Diferrocenyl-substituierte Pyrrol-Derivate (16-19) erweitert und ebenfalls die von Hildebrandt 
et al. vorgeschlagenen linearen Zusammenhänge gefunden. Die Synthese der Moleküle er-
folgte jedoch durch eine Zyklisierungsreaktion von aromatischen Aminen mit 1,4-
Diferrocenylbutadiin. 
B113
  
Zusätzliche Ferrocenyl-Gruppen in 3- und 4-Position des 2,5-Diferrocenyl-thiophens 
(20), -furans (21) und pyrrols (NMe (22), NPh (23)) führen zu einer Verringerung der Redox-
aufspaltung zwischen den Ferrocenyl-Einheiten in 2- und 5-Position, welche zuerst oxidiert 
werden. 
B41,B50,B66,B112
 Durch Verwendung des WCA-Leitsalzes [N
n
Bu4][B(C6F5)4] werden 
vier separate Ein-Elektronen Redoxprozesse für die redoxaktiven Ferrocenyl-Gruppen der 
sternförmigen Moleküle beobachtet. Die Auswertung der UV-Vis/NIR-Messungen sowie die 
lineare Korrelation machen einen geringeren Beitrag von ΔG°r  und gleichzeitig einen größeren 
Beitrag der Nicht-Resonanzstabilisierungs-Terme deutlich. Der effektive Elektronentransfer-
abstand ist beträchtlich gestiegen. Für die mono- und dikationischen Spezies von 21-23 wer-
den IVCT-Banden in NIR-Bereich gefunden, jedoch nicht für 21
3+
-23
3+. Somit wird ΔE°′ 
zwischen den 2
+
/3
+
 und 3
+
/4
+
-Redoxpaaren lediglich durch elektrostatische Effekte verur-
sacht. Verbindung 20
n+
 (n = 1-3) zeigt für keinen der gemischt-valenten Zustände einen 
IVCT-Übergang.
 B41,B50,B66,B112
  
Eine Verschlechterung der elektronischen Kommunikation in 7 wird ebenfalls erzeugt, wenn 
die Kohlenstoffatome in 3- und 4-Position des Heterozyklus durch andere Hauptgruppenele-
mente ersetzt werden, beispielsweise durch Stickstoff. In der Reihe 7, 2,5-Diferrocenyl-1,3-
thiazol (24) und 2,5-Diferrocenyl-1,3,4-thiadiazol (25) wird die Elektronendichte im Hetero-
zyklus geringer, was zu einer Verkleinerung von ΔE°′ und breiteren, sowie schwächeren 
IVCT-Absorptionen führt. 
B41,B114,B115
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Abbildung B6. 3,4-Di-N/O-substituierte 2,5-Diferrocenyl-thiophene 26-30. 
B116,B117
  
 
Neben den modifizierten Pyrrolen wurde auch eine Reihe 2,5-Diferrocenylthiophene mit 
Stickstoff- oder Sauerstoff-haltigen Substituenten in 3- und 4-Position des Heterozyklus un-
tersucht (Abb. B6). Während 29 über eine Negishi C,C-Kreuzkupplungsreaktion von FcZnCl 
mit 2,5-Dibrom-3,4-ethylendioxythiophen zugänglich war, 
B116
 wurde für 26 eine Suzuki-
Miyaura C,C-Kreuzkupplungsreaktion verwendet. Die Reduktion der Nitro-Gruppen und an-
schließende Methylierung bzw. Kondensationsreaktion ergab 27 und 28. Durch erneute Re-
duktion und Methylierung von 28 konnte schließlich 30 synthetisiert werden. 
B117
 Von den 
Thiophenen 26 und 28 wurden in 40 Lösungsmitteln mit unterschiedlicher Polarität und der 
Fähigkeit Wasserstoffbrückenbindungen auszubilden UV-Vis solvatochrome Messungen 
durchgeführt. Für 26 wurde eine positive solvatochrome Verschiebung der LMCT-Absorption 
gefunden, wobei für 28 ein entgegengesetztes Verhalten zu beobachten war. Elektrochemi-
sche (ΔE°′ = 155 - 418 mV; Dichlormethan – [NnBu4][B(C6F5)4]) und in situ UV-Vis/NIR-
spektroelektrochemische Studien zeigten, dass mit zunehmender Elektronen-Donor-Fähigkeit 
und ausgedehnteren elektronischen π-System der Brückeneinheit, die thermodynamische Sta-
bilität der gemischt-valenten Spezies als auch die elektronische Wechselwirkung zwischen 
den Eisen-Zentren über das Thiophen in der Reihe 26 < 7 < 27 ≈ 28 < 29 < 30 steigt. B116,B117 
Über ähnliche Studien mit einer Dithienothiophen-2,5-diyl-Brücke (31) oder Phenyl- (32) 
bzw. 4-Fluorbenzol-Substituenten (33) an 28 berichtete die Gruppe um Marken. 
B118
 Jedoch 
verwenden die Autoren Ethinylferrocen als redoxaktive Einheit, sodass der geometrische Ei-
sen-Eisen-Abstand auf über 13 Å steigt und verglichen mit rund 7.5 Å von 26-30 fast zweimal 
so groß ist. Dies und die Verwendung eines anderen Elektrolyten hat zur Folge, dass die Re-
doxseparation ΔE°′ von 31-33 auf Werte zwischen 50 und 80 mV drastisch verringert wird 
(Dichlorethan – [NnBu4][PF6]). 
B118
  
Eine weitere Möglichkeit, den Heteroaromat zu modifizieren, besteht in der Variation des 
Heteroelements. Das 2,5-Diferrocenyl-1-Phenyl-1H-phosphol (34a) verhält sich gegenüber 
den anderen Diferrocenyl-substituierten Heterozyklen mehr wie ein dienisches π-System 
(Abb. B7). 
B119
 Die Ursache dafür ist, dass das Phosphoratom eine tetraedrische Umgebung 
besitzt und somit das freie Elektronenpaar des Phosphors nicht zu einem delokalisierten Ring-
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π-System beitragen kann. Eine Oxidation von Phosphor(III) zu Phosphor(V) durch Schwefel 
(34b) oder Selen (34c) führt zu einer Aufhebung der geringen Delokalisation sowie kleineren 
Redoxseparationen und weniger intensiven IVCT-Absorptionen. Zusätzlich zu (spekt-
ro)elektrochemischen Untersuchungen bestätigen DFT- und TD-DFT-Rechnungen, dass die 
geringen intermetallischen Wechselwirkungen in 34a-c hauptsächlich über die Orbitale des 
cis-dienischen Systems erfolgen. 
B119
   
 
Abbildung B7. 2,5-Diferrocenyl-phosphole mit sterisch anspruchsvollen Substituenten. 
B120
  
 
Zyklisierungsreaktionen von sterisch anspruchsvollen Aryl- oder Ferrocenylphosphanen mit 
1,4-Diferrocenyl-butadiin führen zu den metallorganischen Verbindungen 35-38 (Abb. 
B7). 
B120
 In dieser Serie an Molekülen wurde untersucht, welche Substituenten am Phospho-
ratom am stärksten zu dessen Planarisierung beitragen und letztlich zu einem aromatischen 
Fünf-Ring-π-System führen, in dem die Metall-Metall-Wechselwirkungen stärker sind als bei 
34a. Der 2,4,6-Tri-tert-butylphenyl-Substituent in 37 ist zu Abflachung des pyramidalen 
Phosphor am effektivsten, wie die Reihe 34a < 38 < 35 ≈ 36 < 37 verdeutlicht. Gleich verhält 
sich auch der Bird Index, 
B121
 ein Hilfsmittel zu Bestimmung der Aromatizität in Fünf-Ring-
Heterozyklen anhand geometrischer Daten. Aufgrund der Redoxaufspaltung mit Werten zwi-
schen 265 und 340 mV (Dichlormethan – [NnBu4][B(C6F5)4]) und IVCT-Absorptionen mit 
Charakteristika für moderat koppelnde Systeme können 35-38 den Klasse II Verbindungen 
nach Robin und Day 
B22
 zugeordnet werden. 37 zeigt die stärksten elektronischen Wechsel-
wirkungen (εmax = 3000 L·mol
-1
·cm
-1
, Δν1/2 = 2550 cm
-1
) und liegt, verglichen mit anderen 
Diferrocenyl-substituierten Heterozyklen, im Bereich von 9 (εmax = 3145 L·mol
-1
·cm
-1
, Δν1/2 = 
2314 cm
-1
). 
B120
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Abbildung B8. 2,5-Diferrocenyl-silole 39 und 40. 
B49
  
 
Die Fünf-Ring Heterozyklen 39 und 40 mit einem Element der vierten Hauptgruppe zeigen 
ebenfalls moderate intermetallische Wechselwirkungen. Diese erfolgen, ähnlich der Phospho-
le, hauptsächlich über das dienische C4-Rückgrat des Silols (Abb. B8). Die Synthese des He-
terozyklus wurde hier über eine reduktive Zyklisierungsreaktion von Diphenyl- oder Dime-
thylbis(phenylethinyl)silan mit Lithiumnaphthalenid realisiert und schließlich unter typischen 
Reaktionsbedingungen für eine Negishi C,C-Kreuzkupplung die redoxaktive Gruppe eing-
führt. 
B49
 Neben UV-Vis/NIR-Messungen bestätigen DFT- und TD-DFT-Rechnungen leicht 
erhöhte Metall-Metall-Wechselwirkungen in 40. Hier zeigt sich, dass durch Hyperkonjugation 
der SiMe2-Gruppe mit der Butadiin-Einheit das sp
3
-hybridisierte Siliziumatom am π-
konjugierten System mitwirkt. 
B49
  
 
 
Abbildung B9. Zweifach Ferrocenyl-substituierte Pyrrole und Dihydropyrazole. 
B122-B124
  
 
Im Fall des Heterozyklus Pyrrol zeigen Studien von Nemykin, 
B122
 dass die Redoxaufspaltung 
ΔE°′ stark vom Substitutionsmuster abhängig ist. Für die 3- und 4-Ferrocenyl-substituierten 
Pyrrole (Abb. B9 links) werden im Vergleich zu den 2,5-Isomeren 9-19 wesentlich kleinere 
ΔE°′ Werte von um die 300 mV gefunden (Dichlormethan – [NnBu4][B(C6F5)4]). Die Charak-
teristika des IVCT-Übergangs der MV-Spezies verdeutlichen ebenfalls eine schwächere elekt-
ronische Kommunikation. Somit ist ein Elektronentransfer über das Rückgrat des Heterozyk-
lus nicht von Vorteil. Die Verbindungen 43 und 44 (Abb. B9 rechts) zeigen zwar auch eine 
geringe Redoxseparation (43: ΔE°′ = 142 mV; 44: ΔE°′ = 133 mV; Acetonitril – 
[N
n
Bu4][PF6]), 
B123,B124
 jedoch ist diese auf die unterschiedliche Lage der Redoxprozesse der 
unsymmetrisch substituierten Ferrocenyl-Gruppen zurück zu führen und nicht auf intermetal-
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lische Wechselwirkungen. Letztere werden auch durch das nicht vorhandene π-konjugierte 
System behindert. 
 
2.2.1.2 Modifikation der redoxaktiven Einheit 
Einige Studien zeigen, dass neben der Variation der heterozyklischen Brücke auch Verände-
rungen an der Redoxgruppe die Elektronentransfer-Eigenschaften beeinflussen. Beispielswei-
se erhöht der Austausch eines Kohlenstoffatoms im Cyclopentadienylring der Ferrocenyl-
Einheit durch Stickstoff die Elektronen-Akzeptorfähigkeit dieser Redoxgruppe (Azaferroce-
nyl-Gruppe). 
B125
 Eine Vergrößerung der Redoxaufspaltung um 35 mV wird im 2,5-Di(1´-
(2,5-dimethylazaferrocenyl))thiophen (45, Dichlormethan – [NnBu4][PF6]), verglichen mit 
Verbindung 7 (ΔE°′ = 150 mV; Benzonitril – [NnBu4][ClO4]),
126
 beobachtet. Neben der direk-
ten Änderung in der Ferrocenyl-Einheit, führen auch elektronenziehende Substituenten in 1´-
Position, wie zum Beispiel Formyl-, Cyano- oder 1,3-Hexafluoroxyl-5-yl-Gruppen zu einer 
erheblich größeren Redoxaufspaltung (Abb. B10). 
 
Abbildung B10. Pyrrole und Thiophene mit elektronenreichen (46 und 50) und -armen Ferro-
cenyl-Substituenten (47-49 und 52-54). 
B116,B127,B128
 
 
Die Pyrrole 46 und 49 wurden durch eine Negishi C,C-Kreuzkupplungsreaktion synthetisiert, 
wobei die Folgereaktion von 46 mit p-Toluolsulfonsäure Verbindung 47 ergab. Durch an-
schließende Cyanierung wurde 48 erhalten. 
B127
 Für die Darstellung der Thiophene 51-53 
wurde analog verfahren. Das mit einem Wolfram Fischer-Carben funktionalisierte Thiophen 
50 wurde nach klassischer Fischer-Carben Synthese durch Umsetzung von W(CO)6 mit 2,5-
Di-(1´-bromferrocenyl)thiophen dargestellt. Neben den reversiblen Ein-Elektronen Redoxpro-
zessen der Ferrocenyle (ΔE°′ = 245 mV) wurden zusätzlich Elektrodenreaktionen, typisch für 
die Reduktion des Carbens und die Oxidation des Wolfram-Carbonyls, gefunden. 
B128
 Elekt-
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rochemische Messungen ergaben für die Pyrrole und Thiophene jeweils eine Vergrößerung 
der Redoxseparation in der Reihe 46 < 10 < 49 < 47 < 48 und 50 < 7 < 51 < 52 ≈ 53 (Dich-
lormethan – [NnBu4][B(C6F5)4]).
 B116,B127,B128
 Bemerkenswert ist der ΔE°′ Wert des Cyanofer-
rocen-Derivats 49 mit 600 mV, welcher für Ferrocenyl-substituierte Heteroaromaten unter 
vergleichbaren Bedingungen der bisher größte ist. Mittels UV-Vis/NIR Spektroelektrochemie 
konnten durch das Auftreten von IVCT-Absorptionsbanden direkte Metall-Metall-
Wechselwirkungen bestätigt werden, wobei die gemischt-valenten Spezies der Pyrrole 46-49 
und Thiophene 50-53 als Klasse II Systeme nach Robin und Day 
B22
 betrachtet werden kön-
nen. Für 50 wurden zusätzlich NIR-Absorptionen im Hochenergiebereich detektiert, welche 
dem Metall-Metall-Ladungstransfer zwischen dem Wolfram-Carbonyl-Inkrement und den 
Ferrocenyl-Einheiten zuzuschreiben sind.  
Interessanterweise nimmt im Fall der Pyrrole die Stärke der elektronischen Wechselwirkun-
gen (sinkende εmax-Werte, steigende Δν1/2-Werte) mit größer werdendem elektronen-
ziehenden Effekt der Gruppe R ab. Aus diesen Studien wird deutlich, dass sich ein Zusam-
menspiel von elektronenreichen Heteroaromaten mit elektronenarmen redoxaktiven Ferroce-
nyl-Gruppen positiv auf die intermetallische Kommunikation auswirkt. 
In den Kapiteln D-G wurden diese Studien vom Autor aufgegriffen und ebenfalls der Einfluss 
verschiedener Heteroatome bzw. Substituenten am π-konjugierten Brückensystem auf den 
Elektronen-Transfer untersucht und vergleichend diskutiert. Dabei stand auch die Wirkung 
diverser redoxaktiver Gruppen wie Halbsandwich- und Ruthenium-Vinyl-Komplexe im Hin-
blick auf die elektronischen Eigenschaften im Mittelpunkt. 
 
2.2.1.3 Oligoheteroaromaten als Modellsysteme für molekulare Drähte 
Um π-konjugierte organische Materialien in der molekularen Elektronik zu etablieren, wurden 
in den letzten Jahren vorrangig Oligothiophene als Modellverbindungen für molekulare Dräh-
te untersucht. Zur Beurteilung der effektiven Delokalisierung der π-Elektronendichte in sol-
chen „Draht“-ähnlichen Brücken wurden diese mit redoxaktiven Gruppen wie zum Beispiel 
Ferrocen versehen. Sato et al. berichteten über eine Reihe Ter-, Quarter-, Quinque- und Se-
xithiophen-verbrückter Bisferrocen-Komplexe (Abb. B11), die über eine Negishi C,C-
Kreuzkupplungsreaktion aus den entsprechenden Iod-Edukten mit FcZnCl dargestellt werden 
konnten. 
B129,B130
 Die Oligothiophene waren mit Hexyl- und/oder Methoxygruppen substitu-
iert, um die Löslichkeit zu erhöhen. Gleichzeitig verursacht die elektronenschiebende Natur 
der zusätzlichen Funktionalitäten eine Verschiebung des Oxidationspotentials der Oligothio-
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phenbrücke zu negativen Potential. Die Elektronen-Absorptions-Spektroskopie der einfach 
oxidierten Oligothiophene zeigt, dass die Oxidation an einer der Ferrocenyl-Einheiten statt-
findet, aber in gewissem Umfang im Oligothiophen delokalisiert wird. Über die heterocycli-
sche Kette konnte dennoch keine direkte Wechselwirkung zwischen den Ferrocenyl-Einheiten 
nachgewiesen werden. 
B100,B129,B130
  
 
Abbildung B11. Beispiele für einige Ferrocenyl-substituierte Oligothiophene von Sa-
to.
 B100,B129,B130
  
 
Weitere mehrfach Ferrocenyl-substituierte Bi- und Ter-thiophene wurden von Speck et al. 
dargestellt. 
B41,B100,B131
 Die Moleküle 56-66 (Abb. B12) waren durch typische Negishi C,C-
Kreuzkupplungsreaktionen zugänglich. Temperaturabhängige NMR-Experimente zeigen, dass 
aufgrund des enormen sterischen Anspruchs der vier bzw. sechs Ferrocenyl-Gruppen in 60 
und 61, die Rotation der C,C-Bindung zwischen den Thiophen-Einheiten gehemmt ist. Wie 
aus den elektrochemischen Messungen ersichtlich wird (Dichlormethan – Na[B(3,5-
(CF3)2C6H3)4]), hat die Variation des Substitutionsmusters an den Bithiophenen 56-59 und 
somit die unterschiedliche elektrostatische Abstoßung der Eisenzentren einen signifikanten 
Einfluss auf die Separation der einzelnen reversiblen Redoxevents. Den größten ΔE°′ Wert 
hat 56 mit 299 mV, in welchem durch die 3,3´-Substitution die Metall-Metall-
Wechselwirkung über den Raum begünstigt ist. 
B41,B100
 Durch Temperaturerhöhung auf 100 
°C während der elektrochemischen Untersuchungen (Anisol – [NnBu4][B(C6F5)4]) war es 
möglich für Verbindung 61 fünf Prozesse bei E°′ = -165, 261, 491, 651 und 800 mV mit ΔEp 
Werten zwischen 71 und 78 mV zu beobachten. 
B131
 Die doppelte Peakpotentialdifferenz des 
ersten Redoxprozesses (ΔEp = 156 mV) deutete auf eine Überlagerung zweier Redoxevents, 
welche durch eine Dekonvolution des SWV bestätigt wurde. Im Gegensatz zu den Bithiophe-
nen 56-61 wurde für 62-65 nur jeweils ein breiter Redoxprozess beobachtet, welcher auf zwei 
eng beieinander liegende Ferrocenyl-basierte Prozesse hindeutet. Die starke elektrostatische 
Abstoßung ist für die Aufspaltung in vier separate Prozesse der jeweiligen Ferrocenyl-
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Substituenten in 66 verantwortlich. Mittels in situ UV-Vis/NIR Experimente wurden keine 
IVCT-Absorptionen für 56-66 gefunden, somit sind die intermetallischen Wechselwirkungen 
nur elektrostatischer Natur. Lediglich intensive LMCT Absorptionen, welche aus der Interak-
tion zwischen der Oligothiophen-Einheit und den Ferrocenyl-Endgruppen herrühren, sind zu 
verzeichnen.
 B41,B100,B131
  
 
Abbildung B12. Mehrfach Ferrocenyl-substituierte Bi- und Terthiophene von 
Speck.
 B41,B100,B131
  
 
Weitere Beispiele für molekulare Drähte geben Ogawa et al. 
B132
 Die Autoren berichten über 
Thienothiophen- und Dithienothiophen-verbrückte Biferrocene (Abb. B13 links). Die Resulta-
te der elektrochemischen Untersuchungen sind vergleichbar mit denen von 59 und 65 und 
deuten auf schwache bzw. keine Wechselwirkungen zwischen den Eisenzentren (67: ΔE°′ = 
127 mV, 68: ΔE°′ = 76 mV, 69: ΔE°′ = 81 mV, Dichlormethan – [NnBu4][PF6]). 
Sato et al. konnten zeigen, 
B133
 dass die Verdrehung des π-Systems in den 2,2´-Bithiophenen 
70 und 71 einen erheblichen Einfluss auf die intermetallischen Wechselwirkungen hat (Abb. 
B13 rechts). Die zusätzliche verbrückende Methylen-Gruppe zwischen dem 3- und 3´-
Kohlenstoff in 70 führt zu einem nahezu planaren System und somit zu einem relativ großen 
ΔE°′ Wert von 170 mV (Dichlormethan – [NnBu4][ClO4]),  verglichen mit 59. In Verbindung 
59 wird der dihedrale Winkel durch keine weiteren verbrückenden Substituenten kontrolliert 
und eine leichte Verdrehung der Thiophen-Einheiten zueinander liegt vor. Dies zeigt sich in 
der geringeren Redoxseparation (ΔE°′ = 130 mV, Dichlormethan – Na[B(3,5-
(CF3)2C6H3)4]). 
B41,B100
 Die Butan-Brücke in 71 verursacht eine starke Abweichung von der 
Planarität des 2,2´-Bithiophen und somit die geringste Redoxaufspaltung (ΔE°′ = 80 mV). Die 
Elektronen-Absorptions-Spektroskopie der mono-oxidierten 2,2´-Bithiophene 70 und 71 be-
stätigt elektronische Interaktionen zwischen den terminalen Ferrocenyl-Gruppen in 70, jedoch 
nicht für Verbindung 71. 
B133
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Abbildung B13. Ferrocenyl-funktionalisierte Oligothiophen-Derivate von Ogawa 
B132
 und 
Sato. 
B133
  
 
Eine Serie von Molekülen mit ein bis vier Wiederholungseinheiten Furan als Brücken zwi-
schen redoxaktiven Ferrocenyl-Gruppen synthetisierten Gidron et al. 
B134
 mithilfe der Suzuki 
C,C-Kreuzkupplung von Ferrocenylboronsäure und den entsprechenden α,ω´-Dibrom-
(oligo)furanen (Abb. B14). Wie zu erwarten, sinkt die Redoxseparation mit zunehmender 
Kettenlänge von 350, über 170 zu 90 mV für 8, 72 und 73 (Dichlormethan – [NnBu4][B(3,5-
(CF3)2C6H3)4]). Die Oxidation der Ferrocenyl-Gruppen des Diferrocenyl-quarterfuran 74 fin-
det beim selben Potential statt (E°′ = -50 mV). Interessanterweise werden für alle vier Mole-
küle bei UV-Vis/NIR Experimenten IVCT-Absorptionen für die gemischt-valenten Spezies 
beobachtet und ein elektronischer Kopplungsparameter Hab mit Werten von 230 (74) bis 449 
cm
-1
 (8) berechnet. Für die Oligofurane 72-74 wird gegenüber den oben beschriebenen Oligo-
thiophenen eine leicht bessere intramolekulare elektronische Wechselwirkung gefunden. Laut 
Autoren ist ein Grund die geringere Aromatizität des Furan-Heterzyklus, die einen kleineren 
energetischen Unterschied zwischen aromatischer und chinoider Struktur bewirkt und somit 
die Bildung ladungsübertragenden Polarone in den Oligofuranen erleichtert. Der chinoide 
Charakter ermöglicht deshalb eine größere Stabilisierung der gemischt-valenten Spezies. Zum 
anderen verursacht die relativ starre Struktur der Oligofurane eine größere Planarität und folg-
lich bessere Leitfähigkeit. 
B134
  
 
Abbildung B14. Diferrocenyl-substituierte (Oligo)furane von Gidron. 
B134
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In Erweiterung der Oligoheteroaromaten als Modellsysteme für molekulare Drähte, beschäf-
tigt sich diese Arbeit in Kapitel C mit Ferrocenyl-substituierten (Oligo)Pyrrolen (n = 1-4). Es 
konnte bereits in vorangegangen Studien gezeigt werden, 
B41,B50,B111,B112
 dass der Heteroaro-
mat Pyrrol die besten elektronischen Eigenschaften, verglichen mit Thiophen und Furan, auf-
weist. Deshalb wird in Kapitel C untersucht, bis zu welcher Kettenlänge ein intramolekularer 
Elektronen-Transfer zwischen den Metallzentren erfolgt. 
 
2.2.2  Sechsgliedrige Heterozyklen 
Das erste Beispiel für sechsgliedrige Heteroaromaten mit redoxativen Gruppen wurde 1997 
von Iyoda veröffentlicht. 
B126
 Neben verschiedenen ferrocenyl-substituierten Benzolen wurde 
unter Verwendung einer Nickel-katalysierten C,C-Kreuzkupplungsreaktion von Ferroce-
nylzinkchlorid mit dem entsprechenden Bromaromaten 2,6-Diferrocenylpyridin dargestellt. 
Elektrochemische Studien deuten mit einer geringen Redoxseparation von ΔE°′ = 20 mV 
([N
n
Bu4][ClO4] als Elektrolyt) auf vernachlässigbare Metall-Metall-Wechselwirkungen. 
B126
 
Auch Winter und Kowalski verwendeten Pyridin als heteroaromatische Brücke zwischen 2,5-
Dimethylazaferrocenyl-Substituenten. Ihre Untersuchungen hinsichtlich der elektronischen 
Eigenschaften ergaben eine bessere intermetallische Wechselwirkung mit gleichzeitiger Ver-
schiebung zu anodischen Potentialen (ΔE°′ = 80 mV, [NnBu4][PF6] als Elektrolyt). 
B125
 Eine 
noch stärkere elektronische Kommunikation erzielte Lapinte durch Verwendung von 
[Cp*(dppe)Fe-C≡C] als redoxaktive Endgruppe. Die direkte Metall-Kohlenstoff-Bindung 
führt zu Redoxseparationen von ΔE°′ = 160 mV und ΔE°′ = 110 mV für die entsprechenden 
ortho- und meta-substituierten Pyridine ([N
n
Bu4][PF6] als Elektrolyt). 
B107
 Es sei darauf hin-
gewiesen, dass die unterschiedlichen Elektrolyten einen vernachlässigbaren Einfluss auf die 
Redoxaufspaltung haben, da das [ClO4]
-
- und das [PF6]
-
-Anion relativ ähnlich sind.  
In Abbildung B15 ist eine Reihe von zwei- und dreifach Ferrocenyl-substituierten elektronen-
armen (Hetero)Aromaten dargestellt, an welcher zur Untersuchung des Elektronentransfers 
(spektro)elektrochemische Messungen und DFT-Rechnungen durchgeführt wurden. 
B135,B136
 
Die Verwendung des WCA-Leitsalzes [N
n
Bu4][B(C6F5)4] ermöglichte die Aufspaltung der 
Redoxpotentiale zwischen 140 und 185 mV aller Ferrocenyl-Gruppen in den Verbindungen 
76-80. Die UV-Vis/NIR Spektren zeigten für die gemischt-valenten Spezies 76
+
, 77
+
 und 
78
n+
, 79
n+
 (n =1, 2) breite Absorptionen im NIR-Bereich mit sehr geringen Extinktionen, die 
nach Robin und Day 
B22
 für schwach koppelnde Klasse II Systeme charakteristisch sind. Die 
elf Mal größere IVCT-Bande von 76 im Vergleich zu 77 zeigte außerdem, dass die Para-
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Substitution der Ferrocenyle für die elektronische Kommunikation über den Heterozyklus 
vorteilhafter ist. Dafür spricht auch die größere Redoxseparation (76: ΔE°′ = 175 mV; 77: 
ΔE°′ = 160 mV). B135 Aus den elektrochemischen Ergebnissen für  75 wird geschlussfolgert 
(ΔE°′ = 140 mV), dass dieses die geringste intermetallische Wechselwirkung unter den zwei-
fach Ferrocenyl-substituierten Pyridinen hat. 75 wurde von Crowley über eine mikrowellen-
unterstützte Suzuki C,C-Kreuzkupplung des entsprechend bromierten Pyridin mit Ferroce-
nylboronsäure dargestellt. 
B136
  
 
Abbildung B15. Zwei- und dreifach Ferrocenyl-substituierte elektronenarme (Hetero)Aroma-
ten. 
B135,B136
  
 
Für Verbindung 80 deutete jedoch die Abwesenheit einer IVCT-Absorption während der 
schrittweisen Oxidation auf keine intermetallischen Wechselwirkungen hin. Somit ist die ge-
fundene Redoxaufspaltung auf die Nichtresonanz-Terme von ΔG°c wie beispielsweise die 
elektrostatische Abstoßung zwischen den gleich positiv geladenen Eisenzentren zurück zu 
führen. 
B135
  
Die Arbeitsgruppe um Suo synthetisierte eine Serie von di- und multi-ferrocenyl-
substituierten Pyridin-Derivaten (Abbildung B16), welche durch eine Cobalt-katalysierte 
[2+2+2]-Cycloaddition von Ethinylferrocen oder 1,4-Bisferrocenyl-butadiin mit einem termi-
nalen Alkin, wie Benzonitril oder Acetonitril, zugänglich waren. 
B137,B138
 Elektrochemische 
Untersuchungen ergaben für 81 und 82, dass der zusätzliche Substituent in 2-Position keine 
Auswirkung auf die Redoxaufspaltung hat (81a,b: ΔE°′ = 112 mV; 82a,b: ΔE°′ = 120 mV; 
CH3CN/CH2Cl2 – [N
n
Bu4][PF6]), sondern nur das Substitutionsmuster der redoxaktiven Fer-
rocenyl-Gruppen. Die Autoren schreiben die Redoxaufspaltung der elektrostatischen Wech-
selwirkung zwischen den Ferrocenyl-Substituenten zu und ordnen somit diese Verbindungen 
in die Klasse I ein. 
B137
 Wie es oben bereits erläutert wurde, können aber durchaus schwache 
Metall-Metall-Interaktionen vorliegen. Dazu müssten weitere spektroelektrochemische Unter-
suchungen erfolgen.  
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Abbildung B16. Zwei- und vierfach Ferrocenyl(ethinyl)-substituierte Derivate des Pyridins 
von Suo. 
B137,B138
  
 
Auch die multi-metallischen Pyridin-Derivate zeigen für jeden Ferrocenyl(ethinyl)-
Substituent einen reversiblen Redoxprozess, wobei die Ferrocenyl-Gruppen zuerst oxidiert 
werden. Das Substitutionsmuster hat einen starken Einfluss auf die Redoxseparation zwischen 
den Ferrocenyl-Einheiten (83: ΔE°1 = 102 mV; 84: ΔE°1 = 115 mV; 85: ΔE°1 = 88 mV; 
CH3CN/CH2Cl2 – [N
n
Bu4][PF6]). 
B138
  
Weitere multi-metallische Verbindungen in Form von 1,3,5-Triazin-Derivaten mit verschie-
denen Ferrocenyl-Donoren wurden von Misra et al. 
B139
 über Sonogashira C,C-
Kreuzkupplungsreaktionen dargestellt (Abbildung B17). Der große Metall-Metall-Abstand in 
den sternförmigen Donor-π-Akzeptor-Molekülen ist aber für eine elektronische Kommunika-
tion zwischen den Eisenzentren hinderlich. 
 
Abbildung B17. Sternförmige Donor-π-Akzeptor-Moleküle von Misra et al. B139  
 
Von einer Serie Sechs-Ring-Heterozyklen mit einem Element der sechsten Hauptgruppe be-
richten Kowalski et al. 
B140
 Die Synthese des Diferrocenyl-dihydrothiopyran 90 erfolgte über 
eine Hetero-Diels-Alder-Reaktion von Diferrocenyl-thioketon mit 2,3-Dimethyl-1,3-butadien. 
Die schrittweise Oxidation ergab das entsprechende Sulfoxid 91 und schließlich das Sulfon 92 
(Abb. B18). Aufgrund der Oxidation des Schwefelatoms und folglich der größeren Gruppen-
Elektronegativität werden die Ferrocenyl-basierten reversiblen Redoxprozesse zu anodischen 
Potentialen verschoben. Es ist aber kein Einfluss auf die Redoxaufspaltung ersichtlich (ΔE°′ = 
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370 mV; Dichlormethan – [NnBu4][B(C6F5)4]). Geringe elektronische Wechselwirkungen 
zwischen den Ferrocenyl-Einheiten werden durch das Auftreten von schwachen IVCT-
Absorptionen der gemischt-valenten Komplexe 90
+
-92
+
 im NIR-Bereich bestätigt. Somit 
können diese Komplexe als Klasse II Systeme verstanden werden. 
B140
  
 
Abbildung B18. 2,2-Diferrocenyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran (90) und das ent-
sprechende Sulfoxid- (91) sowie Sulfon-Derivat (92). 
B140
  
 
Es zeigt sich, dass in Sechs-Ring-Heterozyklen, trotz der ähnlichen Molekülarchitektur und 
der oftmals gleichen Redoxseparation zwischen den aufeinander folgenden Oxidationen, die 
Stärke der elektronischen Metall-Metall Wechselwirkungen variieren kann und die in der 
Elektrochemie beobachteten Redoxaufspaltungen häufig auch nur aus elektrostatischer Ab-
stoßung herrühren. 
In Anlehnung an diesen Abschnitt wird in Kapitel H dieser Arbeit über multimetallische 
sechsgliedrige Aromaten berichtet. Die Alternation von redoxaktiven Ferrocenyl- und Ethi-
nylferrocenyl-Gruppen erlaubt die Steuerung zwischen attraktiven und repulsiven elektrostati-
schen Wechselwirkungen in den Molekülen. 
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Die Synthese und Charakterisierung der Literatur-unbekannten Verbindungen 7–16 erfolgte 
bereits in der Diplomarbeit. Die Vervollständigung dieses Projektes wurde während der Pro-
motion durchgeführt. Hierfür wurden die Verbindungen 17–20 synthetisiert sowie einer kom-
pletten Charakterisierung, welche auch elektro- und spektroelektrochemische Methoden bein-
haltete, durch den Autor unterzogen. Die Auswertung und die Diskussion dieser Ergebnisse 
erfolgten durch den Autor vorliegender Dissertation in Zusammenarbeit mit Herrn Dr. Hilde-
brandt und Prof. Dr. Low. Kristallographische Untersuchungen wurden von Herrn Dr. Schaar-
schmidt und Herrn Dr. Rüffer durchgeführt und ausgewertet. 
 
 
1. Introduction 
During the last four decades significant interest has been focused on π-conjugated organic 
materials, which in addition to offering useful electronic and optical properties, for example, 
conductivity and electrochromism, are also finding application in the growing field of molec-
ular electronics. 
C1–6
  
A convenient method through which to assess the effective delocalization of the π-electron 
density in these extended organic materials is to assess the mixed-valence characteristics of 
model complexes in which the target organic moiety serves as a bridging unit between two (or 
more) redox-active functionalities such as metallocenes 
C7,C8
 and iron 
C7,C9
 or ruthenium 
C9,C10
 
half-sandwich compounds. Due to the excellent thermal stability and electrochemical reversi-
bility of the ferrocene [Fe(II)/Fe(III)] redox couple, ferrocene is well-suited to such investiga-
tions. 
C11,C12
 Many such ferrocene-based model systems with two redox-active termini have 
been described featuring a variety of π-conjugated organic bridges, i.e. diferrocenyl-
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polyenes, 
C13
 -arenes, 
C14–17
 –cumulenes C18 and -oligo(phenylenevinylenes), C19 and the re-
dox-properties and electronic structures correlated with the wire-like behavior of the bridge. 
Of particular relevance to the present study are Sato’s ter- to sexi-thiophene bridged bis-
ferrocene complexes. 
C20,C21
 These molecules were accessible by the Negishi cross-coupling 
of FcZnCl with the appropriate iodo-compounds. However, despite the intuitively appealing 
chemical structure, no direct interaction of the ferrocenyl units through the oligo(thiophene) 
chain was observed. 
In a recent study we were able to show that the electron-rich pyrrole connecting unit is su-
perior to the thiophene molecule in terms of promoting electronic interactions between ferro-
cenyl/ferrocenium termini.
 C22
 In that earlier work, a series of 2,5-diferrocenyl substituted 
furans, thiophenes and pyrroles were prepared and studied by electrochemical and spectroe-
lectrochemical methods. The ferrocenyl moieties of these compounds showed two well-
separated reversible one-electron redox processes. The separation of the redox potentials of 
2,5-diferrocenyl-N-phenyl pyrrole (ΔE°′ = 450 mV, supporting electrolyte [NnBu4][B(C6F5)4]) 
was found to be much larger than those of 2,5-diferrocenyl thiophene (ΔE°′ = 260 mV) under 
the same measurement conditions.
 C16,C22,C23
 Given the similar solvation, ion-pairing, inner 
and outer-sphere reorganisation energies, the ΔE°′ likely tracks reasonable well with the mag-
niture of ‘electronic coupling’ between the redox centers. C24 This prompted us to investigate 
model systems for molecular wires containing oligo(pyrrole) units, which might offer the pos-
sibility to observe electron transfer between the ferrocene-based redox centers through rela-
tively long oligo-heterocyclic backbones.  
We herein describe the synthesis of a series of diferrocenes bearing (oligo)pyrrole connect-
ing units. (Spectro)electrochemical methods have been used to examine the effect of an in-
creasing distance between the ferrocenyl moieties on the intermetallic communication of these 
complexes. 
 
2. Results and Discussion 
2.1 Synthesis and Characterization 
Diferrocenyl (oligo)pyrroles Fc2-(
c
C4H2NPh)n (4, n = 1; 9, n = 2; 16, n = 3; 20, n = 4) have 
been prepared in two steps (Schemes C1 and C2), involving assembly of  the (oligo)pyrrole 
backbone (8, 14 and 18) followed by the attachment of the ferrocenyl termini. Initially, N-
phenylpyrrole was treated with one or two equivalents of N-bromo-succinimide as described 
by Gilow et al. 
C25
 The electrophilic bromination selectively forms mono- or di-halogenated 
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pyrroles (2, 5). Bipyrrole 7 was synthesized by a Negishi C,C cross-coupling reaction of 2-
bromo-N-phenyl-pyrrole (5) with the zinc species 2-ZnCl-
c
C4H3NPh (6), using 
[Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 as precatalyst (Scheme C1). 
C17,C26
 The work-up and fur-
ther reactions were carried out in neutral or alkaline media to prevent protonation, which in 
turn causes decomposition or polymerization of the molecules. In order to synthesize ter- (14) 
and quarterpyrroles (18), Me3Si-protected bromo oligo(pyrroles) 10–12 were used in the 
cross-coupling reactions (Scheme C1). Deprotection to give 14 and 18 was carried out with an 
excess of tetra-
n
butylammonium fluoride under moderate conditions (Experimental Section). 
 
Scheme C1. Synthesis of oligopyrroles 2, 8, 14 and 18 ((i): 60 °C, 12 h, tetrahydrofuran, 
0.25 mol% [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2, (NBS = N-bromosuccinimide)).  
 
 
 
The introduction of the ferrocenyl substituents was realized by the convenient synthetic 
methodology shown in Scheme C2. Compound 1 and the fluorescent (oligo)pyrroles 7, 14 and 
18 were treated with two equivalents of N-bromosuccinimide resulting in the formation of 
dibrominated 2, 8, 15 and 19. 
C25
 Ferrocene was monolithiated according to the procedures 
reported by Müller-Westerhoff 
C27
 followed by treatment with [ZnCl2·2thf] to give FcZnCl, 3. 
Subsequent reaction of 3 with 1/3
rd
 equivalents of the dibromo compounds 2, 8, 15 and 19 
under Negishi C,C cross-coupling conditions and appropriate work-up gave the (oli-
go)pyrroles 4, 9, 16 and 20 as orange solids in moderate to good yields (Experimental Sec-
tion). 
The diferrocenyl (oligo)pyrroles 4, 9, 16 and 20 are stable to air and moisture both in the 
solid state and in solution. They are poorly soluble in non-polar solvents such as n-hexane, 
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diethyl ether and toluene but show good solubility in dichloromethane and tetrahydrofuran. 
Each of the compounds has been identified by NMR (
1
H, 
13
C{
1
H}) and IR spectroscopy as 
well as elemental analysis. In addition, high resolution ESI-TOF mass spectrometric meas-
urements and single crystal X-ray diffraction studies (9, 16 and 20) have been carried out. The 
electrochemical behavior of 4, 9, 16 and 20 was determined by cyclic voltammetry (= CV), 
square wave voltammetry (= SWV) and the redox products studied further by in situ UV-
Vis/near-IR spectroelectrochemical methods. 
 
Scheme C2. Synthesis of diferrocenyl (oligo)pyrroles 4, 9, 16 and 20 ((i): 60 °C, 12 h, tetra-
hydrofuran, 0.25 mol% [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2, (NBS = N-bromosuccinimide)). 
 
 
 
The IR spectra are less meaningful for the determination of the (oligo)pyrrolic chain length 
since they only show typical absorptions for the pyrrole moieties, the phenyl ring and the fer-
rocenyl units. The Me3Si-protected oligopyrroles 10, 11, 13 and 17 show typical symmetric 
(νs-CH3) and asymmetric (νas-CH3) stretching vibrations below 3000 cm
-1
 (Experimental Sec-
tion). In contrast to the IR spectra, 
1
H NMR spectra are more informative, with characteristic 
patterns of phenyl-pyrrole resonances clearly indicating the different number of pyrrole units. 
The terpyrroles 13, 14, 15 and 16 show a singlet for the protons of the middle pyrrole core 
between 5.72 to 6.36 ppm (Experimental Section). However, the bipyrroles 8–10 and quarter-
pyrroles 17, 19 and 20 give two and four doublets corresponding to the CH protons of the 
pyrrole ring. Furthermore, these resonances are slightly shifted to higher field with increasing 
chain length. As expected the ferrocenyl units with their C5H5 and C5H4 cyclopentadienyl 
rings give rise to one singlet (C5H5) and two pseudotriplets (C5H4, AA'XX' spin system, 
J = 1.80 Hz) in each case (Experimental Section).  
The structures of the diferrocenyl-substituted oligopyrroles 9, 16 and 20 in the solid state 
have been determined by single crystal X-ray diffraction analysis. Suitable crystals were ob-
tained by diffusion of methanol (9 and 16) or toluene (20) into a dichloromethane solution 
containing the respective compound at ambient temperature. Important bond distances (Å), 
bond angles (°) and torsion angles (°) are summarized in the captions of Figures C1–C3, 
whilst crystal and structure refinement data are contained in the Experimental Section.  
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Figure C1. ORTEP diagram (50 % probability level) of the molecular structure of 9 with the 
atom numbering scheme. Hydrogen atoms have been omitted for clarity. Selected bond dis-
tances (Å), angles (°) and torsion angles (°): average D–Fe = 1.647, N1–C14 = 1.383(3), 
C11–C12 = 1.368(3), C12–C13 = 1.396(3), C13–C14 = 1.370(3), C14–C21 = 1.462(3), C10–
C11 = 1.464(3), C24–C31 = 1.467(3), N1–C15 = 1.436(3), N2–C25 = 1.423(3); C11–C12–
C13 = 108.6(2), C11–N1–C14 = 108.7(2), N1–C14–C21 = 122.5(2), N1–C11–C12 = 
107.1(2), average D–Fe–D = 178.3; N1–C14–C21–N2 = –155.8(2), C13–C14–C21–N2 = 
33.9(4), C10–C11–N1–C15 = 1.0(4), C11–C12–C13–C14 = –0.3(3), N1–C14–C21–C22 = 
36.1(4), (D = denotes the centroids of C5H4 and C5H5). 
 
The oligopyrroles crystallize in the triclinic space group P–1 (9 and 20) and in the mono-
clinic space group P21/c (16). In case of bipyrrole 9, the asymmetric unit contains two inde-
pendent molecules. Each of the individual pyrrole heterocyclic moieties are essentially planar 
with rms deviations ranging from 0.0004–0.0066 Å (highest deviation observed for N1 (16) 
with 0.009(3) Å). Furthermore, electron delocalization within the individual pyrrole moieties 
can be inferred from the CC bond lengths, which fall between the distances of isolated single 
(d
0
C-C  = 1.54 Å) 
C28
 and double bonds (d
0
C=C = 1.34 Å) 
C28
. The extent of delocalization can be 
expressed by calculating the parameter τ as normalized quotient of the single and double bond 
length (Equation C1). 
C22
 Completely delocalized systems such as benzene evince a τ value of 
1, while for localized systems τ approaches 0. C22 For the oligopyrroles average τ values of 
0.799 (9), 0.878 (16) and 0.803 (20) were obtained, which are in the same range as for unsub-
stituted pyrrole (0.830) 
C29
 and 2,3,4,5-tetraferrocenyl-1-phenyl-1H-pyrrole (0.832) 
C23
.  
 
𝜏 = 1 +  
(
𝑑𝐶−𝐶
𝑑𝐶=𝐶
)−1
1−(
𝑑𝐶−𝐶
0
𝑑𝐶=𝐶
0 )
     (C1) a) 
a) d
0
C-C = 1.54 Å, d
0
C=C  = 1.34 Å, dC-C = distance of the appropriate single bond, dC=C  distance 
of the appropriate double bond. 
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Figure C2. ORTEP diagram (50 % probability level) of the molecular structure of 16 with the 
atom numbering scheme. Hydrogen atoms and solvent molecules have been omitted for clari-
ty. Selected bond distances (Å), angles (°) and torsion angles (°): average D–Fe = 1.666, N1–
C33 = 1.425(7), N2–C39 = 1.453(6), N3–C45 = 1.443(6), N1–C11 = 1.394(6), N1–C14 = 
1.407(6), C11–C12 = 1.373(7), C12–C13 = 1.405(7), C13–C14 = 1.380(7), C10–C11 = 
1.468(7), C14–C15 = 1.446(7), C18–C19 = 1.426(7), C22–C23 = 1.449(7); average D–Fe–D 
= 177.5, C11–C12–C13 = 108.6(4), C11–N1–C14 = 108.8(4), N2–C18–C29 = 123.7(5), C18–
N2–C39 = 121.4(4), C10–C11–N1 = 125.8(5); N1–C14–C15–N2 = 156.0(5), N2–C18–C19–
N3 = 149.9(5), C10–C11–N1–C33 = 5.6(8), C11–C12–C13–C14 = 0.3(6), N1–C14–C15–C16 
= -26.3(8), (D = denotes the centroids of C5H4 and C5H5). 
 
 
 
Figure C3. ORTEP diagram (50 % probability level) of the molecular structure of 20 with the 
atom numbering scheme. Hydrogen atoms have been omitted for clarity. Selected bond dis-
tances (Å), angles (°) and torsion angles (°): average D–Fe = 1.653, N1–C15 = 1.426(4), N2–
C25 = 1.428(3), N3–C35 = 1.417(4), N4–C45 = 1.432(3), C6–C11 = 1.453(4), C11–N1 = 
1.391(4), C11–C12 = 1.374(4), C12–C13 = 1.411(4), C13–C14 = 1.366(4), C14–N1 = 
1.394(4), C14–C21 = 1.474(4), C24–C31 = 1.475(4), C34–C41 = 1.463(4), C44–C51 = 
1.401(7); average D–Fe–D = 177.6, C11–C12–C13 = 108.1(3), C11–N1–C14 = 109.1(2), N2–
C24–C31 = 123.1(2), N3–C34–C41 = 122.6(3), N4–C44–C51 = 129.9(5), C6–C11–N1 = 
125.1(3); C31–C32–C33–C34 = 0.0(3), N1–C14–C21–N2 = 98.9(3), N2–C24–C31–N3 = 
69.3(4), N3–C34–C41–N4 = 75.5(4), C7–C6–C11–N1 = –8.7(5), C35–N3–C34–C41 = –
5.3(4), C43–C44–C51–C55 = 166.5(7), (D = denotes the centroids of C5H4 and C5H5). 
KAPITEL C 
46 
In the solid state the oligopyrroles adopt a conformation in which the phenyl substituents 
point in different directions, in addition the pyrrole cores are not coplanar, as interplanar an-
gles of 36.2(2), 34.0(2) (9), 27.2(3), 38.3(3) (16) and 83.1(1), 70.0(1), 77.7(2) ° (20) are ob-
served. The CC bond distances between the 
c
C4N heterocycles are not affected by this torsion 
and are similar compared with related compounds. 
C30,C31
 The ferrocenyl moieties in these 
compounds adopt an eclipsed conformation (4.9(2) Fe1, –3.2(3) Fe2, 6.0(3) Fe3, –9.3(3) Fe4 
(9); 10.8(4) Fe1, 11.3(5) Fe2 (16); 4.2(3) Fe1, –1.1(8) ° Fe2 (20)) and are rotated by 21.1(1) 
(Fe1), 35.8(2) (Fe2) (9), 22.1(4) (Fe1), 27.9(3) (Fe2) (16), 9.8(3) (Fe1) and 12.5(5) ° (Fe2) 
(20) out of the plane of the adjacent pyrrole. 
 
2.2 Electrochemistry 
The redox properties of oligopyrroles 7, 13 and 17 and diferrocenyl-substituted (oli-
go)pyrroles 4, 9, 16 and 20 have been determined by cyclic voltammetry, square-wave volt-
ammetry (Figures C4 and C5) and the redox products studied further by UV-Vis/near-IR 
spectroscopy using spectroelectrochemical techniques (Figures C6, C7; Supporting Infor-
mation Figures SI1, SI2, SI4 and SI5). Dichloromethane solutions containing the analyte 
(1.0 mmol·L
-1
) and [N
n
Bu4][B(C6F5)4] (0.1 mol·L
-1
) 
C32
 as supporting electrolyte were used 
for all measurements. The cyclic voltammetry measurements recorded at a scan rate of 
100 mV·s
-1
 are summarized in Table C1. All redox potentials are referenced to the FcH/FcH
+
 
redox couple (E°′ = 0.00 mV, FcH = Fe(5-C5H5)2). 
C33
  
 
Table C1. Cyclic voltammetry data (potentials vs FcH/FcH
+
), scan rate 100 mV·s
-1
 at a 
glassy-carbon electrode of 1.0 mmol·L
-1
 solutions of the analytes in dry dichloromethane con-
taining 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte at 25 °C. 
compd. 
E°1 (mV)
b 
(∆Ep (mV))
c 
E°2 (mV)
b 
(∆Ep (mV))
c 
E°3 (mV)
b 
(∆Ep (mV))
c 
E°4 (mV)
b 
(∆Ep (mV))
c 
ΔE°′ (mV)d KC
e 
4a -238 (68) 212 (75) - - 450 4.08·10
7
 
9 -250 (74) 70 (74) 810 (74) - 320 2.58·10
5
 
16 -230 (68) -65 (74) 480 (74) 1080 (72) 165 6.17·10
2
 
20 -175 (90) 265 (66) 725 (63) - - - 
a
See reference 23.
 bE°′ = formal potential. cΔEp = difference between oxidation and reduction potential. 
dΔE°′ = 
potential difference between the two ferrocenyl related redox processes. 
e
KC = comproportionation constant. 
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Figure C4 shows the cyclic and square wave voltammograms of diferrocenyl (oli-
go)pyrroles 4, 9, 16 and 20. The ferrocenyl units of 4, 9 and 16 are oxidized subsequently, 
while for 20 one reversible redox process was observed. The relatively high ΔEp value (90 
mV) and the larger Ic,p and Ic,a values of this redox event (Figure C4) indicate that two indi-
vidual oxidation processes take place in a close potential range and hence are not resolved. 
C34
 
Due to the increasing chain length and therefore, the larger metal-metal distance, the redox 
splitting ∆E°
  
 between the ferrocenyl moieties decreases from 450 mV (4) to 320 mV (9) to 
165 mV (16) (Table C1), and the corresponding comproportionation constants KC (R·T·ln KC 
= ΔE°′·F) have been determined (Table C1). C35 The larger KC values are indicative for the 
high thermodynamic stability of the mixed-valent species with respect to disproportionation. 
Hence these molecules are suitable for spectroelectrochemical investigations (vide infra) as 
the chemical equilibrium (Equation C2) favors the mixed-valent form of the mono-oxidized 
compounds.  
 
𝐾𝐶 =  
[𝑀1
𝑛𝑀2
𝑛+1]2
[𝑀1
𝑛𝑀2
𝑛][𝑀1
𝑛+1𝑀2
𝑛+1]
=  𝑒
∆𝐸°´∙𝐹
𝑅𝑇     (C2) 
 
Figure C4. Voltammograms of dichloromethane solutions containing 1.0 mmol·L-1 of difer-
rocenyl (oligo)pyrrole 4, 9, 16 and 20 at 25 °C. Supporting electrolyte [N(
n
Bu)4][B(C6F5)4] 
(0.1 mol·L-1). Left: Cyclic voltammograms (scan rate: 100 mV·s-1). Right: Square-wave 
voltammograms (scan rate: 1 mV·s-1). 
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In constrast to the oligo(pyrrole) bridged bis(ferrocene) complexes 4, 9 and 16, the analo-
gous thiophene systems showed little or no redox splitting between the terminal ferrocenyl 
units (ΔE°′ = 260 mV   (2,5-diferrocenyl thiophene, dichloromethane, [N(nBu)4][B(C6F5)4] as 
supporting electrolyte) 
C22
; ΔE°′ = 130 mV (5,5´-diferrocenyl-2,2´-bithiophene, dichloro-
methane, [N(
n
Bu)4][B(C6H3(CF3)2)4] as supporting electrolyte) 
C16,C36
). The group of Sato has 
synthesized related ter-, quarter-, quinque-, and sexithiophenes (substituted in position 3 with 
hexyl or methoxy groups to increase the solubility) with terminal ferrocenyl moieties to create 
model systems for molecular wires, but these complexes also exhibited little or no separation 
of the ferrocene-based redox processes. 
C20,21
 It seems likely that the larger redox splitting in 
the ferrocenyl-functionalized pyrroles 4, 9 and 16 is caused by the smaller energy gap be-
tween the ferrocenyl moieties and the heterocyclic bridging moiety as well as the larger delo-
calization of the pyrrole unit itself. 
C23
  Therefore, the oligopyrroles may provide a more ef-
fective conduit for intermetallic charge transfer between the ferrocene units through the -
conjugated backbone. 
 
Figure C5. Cyclic voltammograms (scan rate: 100 mV·s-1) of dichloromethane solutions con-
taining 1.0 mmol·L-1 of oligopyrrole 7, 13 and 17 at 25 °C. Supporting electrolyte 
[N(
n
Bu)4][B(C6F5)4] (0.1 mol·L
-1
). 
 
In addition to the ferrocenyl-related redox events, at higher potential the oxidation of the 
pyrrole units could be observed for 9, 16 and 20. With increasing length of the pyrrolic π-
system this oxidation process is shifted to cathodic potentials. This behavior is not unexpected 
as shown on the example of extended π-systems such as benzene, naphthalene and anthracene 
for which a similar potential shift could be observed. 
C37,38
 To verify the assignment of these 
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additional redox events, electrochemical measurements of the non-ferrocenyl substituted oli-
gopyrroles 7, 13 and 17 have been carried out (Figure C5, Table C2). 
The first cycle in the voltammogram of bipyrrole 7 shows four irreversible oxidation pro-
cesses, while further cycles give only an irreversible oxidation wave at 400 mV. This chemi-
cal behavior is not unexpected as upon oxidation a reactive radical cation is formed and 
polymerization as well as other side reactions can occur easily through the 5 and 5′ positions. 
In contrast, the cyclic voltammogram of the di(trimethylsilyl)-substituted quarterpyrrole 17 
shows two well-separated reversible one-electron redox processes with a potential difference 
of ∆E°′ = 200 mV, which is stable over more than 10 cycles. Extension of the oligo(pyrrole) 
π-system leads to the stabilization of the radical cation and suppresses the decomposition. 
 
Table C2. Cyclic voltammetric data (potentials vs FcH/FcH
+
), scan rate 100 mV·s
-1
 at a 
glassy-carbon electrode of 1.0 mmol·L
-1
 solutions of the analytes in dry dichloromethane con-
taining 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte at 25 °C. 
compd. 
E°1 (mV)
a 
(∆Ep (mV))
b 
E°2 (mV)
a 
(∆Ep (mV))
b 
E°3 (mV)
a 
(∆Ep (mV))
b 
E°4 (mV)
a 
(∆Ep (mV))
b 
∆E°1 (mV)
c 
7 280 (-) 400 (-) 930 (-) 1095 (-) - 
13 120 (-) 605 (-) 905 (-) 1190 (-) - 
17 5 (80) 205 (90) - - 200 
aE°′ = formal potential. bΔEp = difference between oxidation and reduction potential. 
cΔE°′ = potential difference 
between two redox processes.  
 
A comparison with other unsubstituted oligopyrroles reported in the literature is difficult 
because the cyclic voltammetry data have been determined under different measurement con-
ditions (acetonitrile and [NEt4][BF4] as supporting electrolyte). Hapiot et al. could detect one 
irreversible redox event for the bipyrrole (E° = 600 mV) and for the terpyrrole (E° = 280 
mV), while for the quarterpyrrole two reversible redox processes (E°1 = 160 mV, E°2 = 430 
mV) with a ∆E°′ value compatible to or measurements (170 mV) was observed. C39 Depend-
ing on the supporting electrolyte a different number of redox processes and varying potential 
differences was found. It could also be shown that the use of different electrolytes has a sig-
nificant impact on the position and reversibility of the redox potentials, which has already 
been discussed in the literature. 
C17,C23,C40,C41
 In comparison to the ferrocenyl-substituted 
analoga 9, 16 and 20 the pyrrole-related oxidation is shifted to cathodic potentials. The ferro-
cenyl moieties of 9, 16 and 20 are oxidized at lower potential than the appropriate oli-
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gopyrrole backbone, therefore the thus formed ferrocenium units act as electron withdrawing 
substituents hindering the oxidation of the heterocyle.  
 
2.3 Spectroelectrochemistry 
The spectroelectrochemical studies were performed by stepwise increase of the potential 
(step heights:  25 mV, 50 mV or 100 mV) from -200 to 1000 mV vs Ag/AgCl in an OTTLE 
(Optically Transparent Thin-Layer Electrochemistry) cell 
C42
 in dichloromethane solutions of 
4, 
C23
 9, 16, 17 and 20 (0.002 mol·L
-1
) containing [N
n
Bu4][B(C6F5)4] (0.1 mol·L
-1
) as electro-
lyte at 25 °C. The stepwise increase of the potential allows, starting from the neutral (oli-
go)pyrroles 4, 9, 16, 17 and 20, the in situ generation of cationic 4
n+
,
 C23
 9
n+
,  16
n+
, 17
n+
 and 
20
(n+1)+
 (n = 1, 2) (Figure C6; Supporting Information Figures SI1, SI2, SI4 and SI5). 
 
 
Figure C6. UV-Vis/near-IR spectra of 9 at rising potentials vs Ag/AgCl: -200 to 350 mV (left 
top), 350 to 1000 mV (left bottom). Right: deconvolution of the near-IR absorption at 350 mV 
(top) of in situ generated 9
+
 and at 900 mV (bottom) of in situ generated 9
2+ 
using three 
Gaussian-shaped bands. Measurement conditions: 25 °C, dichloromethane, 0.1 mol·L
-1
 
[N
n
Bu4][B(C6F5)4] as supporting electrolyte.  
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The near-IR data of 4 and its analysis has been published elsewhere. 
C23
 Upon oxidation, 
diferrocenyl bipyrrole 9 shows an increasing absorption in the near-IR region at 2000 nm, 
which can be assigned to a CT (Charge Transfer) transition of the mixed-valent species 9
+
. A 
further increase of the potential leads to the collapse of this absorption envelope and new 
bands at 1200 nm assigned to a LMCT (Ligand-to-Metal Charge Transfer) transition can be 
observed. To determine the physical parameters (wavenumber (νmax), extinction (εmax), Full-
Width-at-Half-Maximum (= FWHM) (∆ν1/2)) of the charge transfer excitations in the near-IR 
region, deconvolution assuming Gaussian shaped bands has been applied (Table C3). 
 
Table C3. Near-IR data of the diferrocenyl (oligo)pyrroles 4
n+
, 9
n+
,  16
n+
 and 20
(n+1)+
 (n = 1, 
2).
a 
compd. transition νmax (cm
-1
) εmax (L·mol
-1
·cm
-1
) ∆ν1/2 (cm
-1) 
4+b LMCT 
IVCT 
4256 
4820 
1805 
4200 
690 
2369 
42+ LMCT 
LMCT 
8500 
9900 
190 
1500 
900 
3400 
9+ CT 
CT 
CT 
4800 
5800 
7800 
6900 
8200 
2700 
1700 
2300 
3850 
92+ LF
c 
CT 
CT 
4700 
8200 
7400 
1950 
11400 
4000 
1500 
3900 
2700 
16+ CT 
CT 
CT 
5400 
6650 
9100 
10700 
7450 
3600 
2100 
2700 
4050 
162+ CT 
CT 
6200 
8050 
11750 
19900 
2800 
3800 
202+ CT 
CT 
5900 
7800 
17600 
21350 
2500 
3600 
a
In dry dichloromethane containing 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte at 25 °C.
 b
See 
reference 23. 
c
Ligand field transition.  
 
Surprisingly upon enlargement of the pyrrolic chain the characteristics of the charge trans-
fer absorptions change. Mixed valent 9
+
 and 16
+
 showed much more intense absorptions and a 
shift of the excitation maxima towards higher energy. Deconvolution of the charge transfer 
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bands in 9
+
 and 16
+
 revealed that three bands contribute to the absorption in the near-IR re-
gion for both compounds (Table C3, Figure C6, Figure SI1). None of these transitions showed 
typical characteristics 
C43,C44
 of an IVCT (= Inter-Valence Charge Transfer) excitation and are 
much more intense than the IVCT band found in 4
+ C23
. Therefore, it might be concluded that 
the classical two-state model is not applicable to the elongated pyrrole systems (9, 16), a more 
complex charge transfer behavior is observed. Especially for the terpyrrole 16
+
 the character-
istics of the CT absorption in the near-IR resembles the one for dicationic 16
2+
 pointing to a 
strong involvement of LMCT and inter-bridge-charge transfer interactions. 
Due to the large metal-metal distance, mixed-valent 20
+
 showed no coupling between its 
redox-active moieties and is thermodynamically not stable under the applied conditions and 
hence the ferrocenyl termini in diferrocenyl quarterpyrrole are oxidized simultaneously. 
Therefore, the electronic character of the mixed-valent species cannot be determined by near-
IR spectroscopy. Nevertheless, 20
2+
 and 20
3+
 were in situ generated within the near-IR meas-
urement setup (Figure SI2) showing remarkably intense CT absorptions in the spectral range 
between 1250 and 1700 nm. To prove the character of these absorptions their solvatochromic 
behavior was studied using solvents with different polarities (dichloromethane (εo = 0.42), 
tetrahydrofuran (εo = 0.45), acetonitrile (εo = 0.65)). C45 The thus observed solvatochromic 
shifts were negligible (< 100 nm) and proved the solvent independency of this charge transfer 
process (Figure SI3). A deconvolution of the near-IR spectrum of 20
2+
 gives two large Gauss-
ian-shaped functions at 5900 cm
-1
 (∆ν1/2 = 2500 cm
-1
; εmax = 17600 L·mol
-1
·cm
-1
) and 7800 
cm
-1
 (∆ν1/2 = 3600 cm
-1
; εmax = 21350 L·mol
-1
·cm
-1
). Comparison with the spectroelectro-
chemical measurements of 4
2+
, 9
2+
 and 16
2+
 showed that these compounds also exhibit weak 
to strong CT bands in a range between 1000 and 1740 nm. Extension of the oligo(pyrrole) π-
system leads to a bathochromic shift of these CT transitions, while simultaneously increasing 
their intensity (Figure C7). With a decrease of the potential gap (electrochemical part Table 
C1, Figure C4) between the second ferrocenyl-related redox process and the first pyrrolic oxi-
dation, the acceptor orbitals, within a ligand-to-metal charge transfer process, are raised, 
while the donor orbitals are lowered in energy. This results in a lower optical transition ener-
gy and thus a bathochromic shift. A comparable phenomenon has been described by Zhu and 
Wolf on the example of various ethynyl-ferrocenyl (oligo-)thiophenes. 
C46
 They could show 
that a longer thiophene chain leads to a decreased energy difference between the ferrocenyl 
centered acceptor orbital and the thiophenic donor orbitals. 
C46
 The different behavior of 4
2+
 in 
comparison to 9
2+
, 16
2+
 and 20
2+
 again points to an involvement of inter-bridge charge trans-
fer excitations for the elongated pyrroles, while 4
2+
 cannot possess such absorptions. 
KAPITEL C 
53 
 
Figure C7. Bathochromic shift of the near-IR spectra of 4
2+
, 9
2+
, 16
2+
 and 20
2+
 (0.002 mol·L
-1
 
in dichloromethane) at 25 °C, supporting electrolyte [N
n
Bu4][B(C6F5)4] (0.1 mol·L
-1
). 
 
For comparison, the potential-depended UV-Vis/near-IR spectra of 5,5′′′-di(trimethylsilyl) 
quarterpyrrole (17) have been measured (Figure SI5). While no absorption could be found in a 
similar spectral region to the LMCT absorption, intense π-π* absorptions below 1250 nm can 
be observed. Those sharp and intense bands could also be found in 9
2+ 
(624 nm), 16
2+ 
(696 
nm) and 20
2+ 
(830 nm). For 4, 9 and 16 (SI2) 
1
A1g → 
1
E1g and 
1
A1g → 
1
E2g d-d transitions of 
the ferrocenyl substituents 
C47
 (465 and 650 nm (4), 450 and 670 nm (9), 520 and 810 nm 
(16)) can be detected in the UV-Vis region, which are shifted bathochromically compared to 
ferrocene (322 and 437 nm). C
48
 A bathochromic shift of the d-d transitions with increasing 
chain length of the (oligo)pyrroles can be seen indicating that less energy is necessary for 
these excitations. 
C49
 
 
3. Conclusion 
The series of diferrocenyl-substituted (oligo)pyrroles 4, 9, 16 and 20 could be synthesized 
using palladium-catalyzed Negishi C,C cross-coupling reactions. Single crystal X-ray diffrac-
tion analysis of diferrocenyl bipyrrole (9), terpyrrole (16) and quarterpyrrole (20) show a de-
crease in coplanarity in the heterocyclic chain with growing number of pyrrole units. The re-
dox behavior of the title compounds have been investigated by electrochemical methods such 
as cyclic voltammetry and square wave voltammetry. While the ferrocenyl moieties in quar-
terpyrrole 20 are oxidized simultaneously, the terminal units of pyrroles 4, 9 and 16 show a 
redox splitting of 450 mV (4), 320 mV (9) and 165 mV (16) in the cyclic and square wave 
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voltammograms. Additionally, one (9) or two (16 and 20) pyrrole-related well-defined re-
versible one-electron redox processes were observed. The metal-metal communication was 
further proven by UV-Vis/near-IR spectroelectrochemical measurements, which showed ab-
sorptions in the near-IR region. The characteristics of these absorptions have been analyzed 
by deconvolution calculations and solvatochromic experiments. While mixed-valent com-
pound 4
+
 possess intense IVCT absorptions, the classical two-state model seems not to be 
applicable to the longer oligopyrroles (9
+
,16
+
). Diferrocenyl (oligo)pyrroles showed weak (4) 
to intense (9, 16 and 20) CT absorptions in the dicationic oxidation state. In a good agreement 
with other published examples 
C46
 those bands showed a bathochromic shift, when the chain 
length of the backbone is increased.  
 
4. Experimental Section 
4.1 General conditions 
All reactions were carried out under an atmosphere of nitrogen using standard Schlenk 
techniques. Tetrahydrofuran, n-hexane and n-pentane were purified by distillation from sodi-
um/benzophenone ketyl, toluene and diethyl ether were purified by distillation from sodium. 
Dichloromethane and N,N-dimethylformamide were purified by distillation from calcium hy-
dride. 
 
4.2 Reagents  
n
BuLi (2.5 M solution in n-hexane), 
t
BuLi (1.6 M solution in n-pentane), ferrocene, KO
t
Bu, 
N-phenylpyrrole, N-bromosuccinimide, trimethylsilyl chloride and tetra-n-butylammonium 
fluoride were purchased from commercial suppliers and used without further purification. 2-
Bromo-N-phenylpyrrole (1), 2,5-dibromo-N-phenylpyrrole (2) 
C25
 and [N(
n
Bu)4][B(C6F5)4] 
C50
 
were prepared according to published procedures. [ZnCl2·2thf] was received by drying ZnCl2 
with thionyl dichloride and additional reaction with dry tetrahydrofuran. The palladium cata-
lyst [P(
t
C4H9)2C(CH3)2CH2Pd(μ-Cl)]2 was synthesized according to Clark et al. 
C26
 
 
4.3 Instruments  
1
H NMR (500.3 MHz) and 
13
C{
1
H} NMR (125.8 MHz) spectra were recorded with a 
Bruker Avance III 500 spectrometer operating at 298 K in the Fourier transform mode. Chem-
ical shifts are reported in δ (parts per million) using undeuterated solvent residues as internal 
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standard (chloroform-d3: 
1
H at 7.26 ppm and 
13
C{
1
H} at 77.16 ppm; acetone-d6: 
1
H at 2.05 
ppm and 
13
C{
1
H} at 29.84 ppm, 206.26 ppm; dimethyl sulfoxide-d6: 
1
H at 2.50 ppm and 
13
C{
1
H} at 39.52 ppm). Infrared spectra were recorded using a FT-Nicolet IR 200 equipment. 
The melting points of analytical pure samples (sealed off in nitrogen-purged capillaries) were 
determined using an Gallenkamp MFB 595 010 M melting point apparatus. Microanalyses 
were performed using a Thermo FLASHEA 1112 Series instrument. Spectroelectrochemical 
measurements were carried out in an OTTLE cell 
C42
 from dichloromethane solutions contain-
ing 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte using a Varian Cary 5000 
spectrometer. High-resolution mass spectra were performed using a micrOTOF QII Bruker 
Daltonite workstation. 
 
4.4 Electrochemistry 
Measurements on 1.0 mmol·L
-1
 solutions of the analytes in dry air free dichloromethane 
containing 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte were conducted under a 
blanket of purified argon at 25 °C utilizing a Radiometer Voltalap PGZ 100 electrochemical 
workstation interfaced with a personal computer. A three electrode cell, which utilized a Pt 
auxiliary electrode, a glassy carbon working electrode (surface area 0.031 cm
2
), and an 
Ag/Ag
+
 (0.01 mol·L
-1
 AgNO3) reference electrode mounted on a Luggin capillary was used. 
The working electrode was pretreated by polishing on a Buehler microcloth first with 1 μm 
and then 1/4 μm diamond paste. The reference electrode was constructed from a silver wire 
inserted into a solution of 0.01 mol·L
-1
 [AgNO3] and 0.1 mol·L
-1
 [N
n
Bu4][B(C6F5)4] in ace-
tonitrile, in a Luggin capillary with a Vycor tip. This Luggin capillary was inserted into a sec-
ond Luggin capillary with Vycor tip filled with a 0.1 mol·L
-1
 [N
n
Bu4][B(C6F5)4] solution in 
dichloromethane. 
C32
 Successive experiments under the same experimental conditions showed 
that all formal reduction and oxidation potentials were reproducible within 5 mV. Experimen-
tally potentials were referenced against an Ag/Ag
+
 reference electrode but results are present-
ed referenced against ferrocene as an internal standard as required by IUPAC. 
C33
 When dec-
amethylferrocene was used as an internal standard, the experimentally measured potential was 
converted into E vs FcH/FcH
+
 by addition of -0.61 V. 
C51
 Data were then manipulated on a 
Microsoft Excel worksheet to set the formal redox potentials of the FcH/FcH
+
 couple to 
E°′ = 0.0 V. The cyclic voltammograms, which are depicted, were taken after typical two 
scans and are considered to be steady state cyclic voltammograms, in which the signal pattern 
differs not from the initial sweep. 
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4.5 Single crystal X-ray diffraction analysis 
Data were collected on an Oxford Gemini S diffractometer using graphite-
monochromatized Mo-Kα radiation (λ = 0.71073 Å) (compound 9) or Cu-Kα radiation 
(1.54184 Å) (16, 20). The molecular structures were solved by direct methods using 
SHELXS-97 
C52
 and refined by full-matrix least-squares procedures on F
2
 using SHELXL-
97. 
C53
 All non-hydrogen atoms were refined anisotropically and a riding model was em-
ployed in the treatment of the hydrogen atom positions.  
 
4.6 General procedure – Protection with a trimethyl silyl group of 2 and 8 
The dibromo (oligo)pyrroles 2 or 8 were dissolved in 50 mL of degassed tetrahydrofuran 
and treated with 1 eq of 
n
butyllithium at -80 °C. After 1 h of stirring at this temperature the 
color of the solution changed from colorless to pale green (10) or deep purple (11). Then 1.1 
eq of trimethyl silyl chloride was added in a single portion and the reaction mixture was slow-
ly allowed to warm to ambient temperature and stirred overnight, whereby the color changed 
to yellow. After evaporation of all volatiles the crude product was purified by column chro-
matography (column size: 3 x 25 cm, alumina pretreated with triethyl amine, n-hexane as elu-
ent). The 1
st
 fraction contained the appropriate pure product and all volatiles were removed 
under reduced pressure. 
 
4.6.1 Data for 2-Bromo-5-trimethylsilyl-N-phenyl pyrrole (10) 
2,5-Dibromo-N-phenyl pyrrole (2) (8.29 g, 27.5 mmol), 1 eq of 
n
butyllithium (11.0 mL, 
27.5 mmol) and 1.1 eq of trimethyl silyl chloride (3.83 mL, 30.0 mmol). Yield: 2.48 g (8.44 
mmol, 31 % based on 2); colorless, air-sensitive solid, soluble in dichloromethane. Anal. 
calcd for C13H16BrNSi (294.26 g/mol) [%]: C, 53.06; H, 5.48; N, 4.76; found: C, 53.00; H, 
5.52; N, 4.65. Mp.: 51 °C. 
1
H NMR [CDCl3, ppm] δ: -0.04 (s, 9 H, SiC3H9), 6.32 (d, 
3
JH4-H3 = 3.69 Hz, 1 H, H-4), 6.48 (d, 
3
JH3-H4 = 3.69 Hz, 1 H, H-3), 7.28 (m, 2 H, C6H5/o-H), 
7.46 (m, 3 H, C6H5). 
13
C{
1
H} NMR [CDCl3, ppm] δ: -0.29 (SiC3H9), 107.43 (C-2), 111.38 
(C-4), 120.02 (C-3), 128.77 (C6H5), 128.91 (C6H5), 129.30 (C6H5), 136.85 (Ci-C6H5), 140.52 
(Ci-C-SiC3H9). IR data [KBr, cm
-1] ν: 750 (s, δo.o.p. =C-H), 972 (s, δC-N), 1505 (s, νC=C), 1597 
(m, νC=C), 2895 (w, νs-CH3), 2954 (w, νas-CH3), 3098 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for 
C13H16BrNSi: 295.0210, found: 295.0216 [M]
+
. 
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4.6.2 Data for 5-Bromo-5´-trimethylsilyl-N,N´-diphenyl-2,2´-bipyrrole (11) 
5,5´-Dibromo-N,N´-diphenyl-2,2´-bipyrrole (8) (4.98 g, 11.3 mmol), 1 eq of 
n
butyllithium 
(4.53 mL, 11.3 mmol) and 1.1 eq of trimethyl silyl chloride (1.57 mL, 12.5 mmol). Yield: 
4.12 g (9.46 mmol, 84 % based on 8); colorless, air-sensitive solid, soluble in dichloro-
methane. Anal. calcd for C23H23BrN2Si (435.43 g/mol) [%]: C, 63.44; H, 5.32; N, 6.43; 
found: C, 63.68; H, 5.48; N, 6.39. Mp.: 92 °C. 
1
H NMR [CDCl3, ppm] δ: -0.1 (s, 9 H, 
SiC3H9), 6.00 (d, 
3
JH4´-H3´ = 3.81 Hz, 1 H, H-4´), 6.03 (d, 
3
JH4-H3 = 3.51 Hz, 1 H, H-4), 6.18 (d, 
3
JH3´-H4´ = 3.80 Hz, 1 H, H-3´), 6.36 (d, 
3
JH3-H4 = 3.62 Hz, 1 H, H-3), 6.84 (m, 2 H, C6H5´), 
6.89 (m, 2 H, C6H5), 7.21-7.36 (m, 6 H, C6H5/C6H5´). 
13
C{
1
H} NMR [CDCl3, ppm] δ:  -0.05 
(SiC3H9), 103.20 (C-5), 111.53 (C-3), 112.42 (C-3´), 112.70 (C-4´), 119.19 (C-4), 124.27 (Ci-
C-2), 127.64 (C6H5), 127.78 (C6H5´), 128.38 (C6H5), 128.49 (C6H5´), 128.51 (C6H5), 128.63 
(C6H5´), 130.36 (Ci-C-2´), 135.60 (Ci-C6H5´), 138.35 (Ci-C6H5), 141.24 (Ci-C-SiC3H9). IR 
data [KBr, cm
-1] ν: 751 (s, δo.o.p. =C-H), 967 (m, δC-N), 1497 (s, νC=C), 1595 (m, νC=C), 2889 (w, 
νs-CH3), 2948 (w, νas-CH3), 3100 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C23H23BrN2Si: 
437.0867, found: 437.0845 [M]
+
. 
 
4.7 General procedure – Synthesis of bipyrrole and Me3Si-protected oligopyrroles 
To a solution of the monobromo (oligo)pyrroles 5 or 11 in 50 mL of degassed tetrahydrofu-
ran was added dropwise via a syringe 1 eq of 
n
butyllithium (2.5 M in n-hexane) at -80 °C. The 
reaction mixture was stirred for 1 h. Then [ZnCl2·2thf] (1 eq) was added in a single portion to 
generate in situ 6 or 12. The reaction mixture was stirred for additional 30 min at 0 °C. After-
ward, 0.25 mol% of [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 and 1 eq of 5, 10 or 11 were added in 
a single portion and the reaction solutions were stirred overnight at 60 °C. The crude product 
was worked-up by column chromatography (column size: 3 x 25 cm, alumina pretreated with 
triethyl amine). The 1
st
 fraction contained the reactants 5 or 11, while from the 2
nd
 fraction the 
appropriate pure product could be obtained. All volatiles were removed under reduced pres-
sure. 
 
4.7.1 Data for N,N´-Diphenyl-2,2´-bipyrrole (7) 
2-Bromo-N-phenyl pyrrole (5) (2.95 g, 13.28 mmol), 1 eq of 
n
butyllithium (5.4 mL, 13.5 
mmol), 1.0 eq of [ZnCl2·2thf] (3.72 g, 13.5 mmol), 1 eq of 2-bromo-N-phenyl pyrrole (5) 
(2.95 g, 13.28 mmol) and 0.25 mol% of [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 (22.8 mg). For 
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column chromatography a n-hexane/diethyl ether mixture of ratio 6:1 (v/v) as eluent was used. 
Yield: 2.97 g (10.46 mmol, 77 % based on 5); colorless, fluorescent solid, soluble in di-
chloromethane. Anal. calcd for C20H16N2 (284.35 g/mol) [%]: C, 84.48; H, 5.67; N, 9.85; 
found: C, 84.08; H, 5.92; N, 9.90. Mp.: 101 °C. 
1
H NMR [CDCl3, ppm] δ: 6.32 (pt, 
3
JH4-H3 = 3.58 Hz, 
3
JH4-H5 = 2.96 Hz, 2 H, H-4), 6.44 (dd, 
4
JH3-H5 = 1.84 Hz, 
3
JH3-H4 = 3.54 Hz, 
2 H, H-3), 6.57-6.59 (m, 4 H, C6H5/o-H), 6.77 (dd, 
4
JH5-H3 = 1.80 Hz, 
3
JH5-H4 = 2.98 Hz, 2 H, 
H-5), 7.01 – 7.05 (m, 6 H, C6H5). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 109.13 (C-4), 112.59 (C-3), 
122.41 (C-5), 123.90 (C6H5), 125.18 (Ci-C-2), 125.57 (C6H5), 128.56 (C6H5), 140.30 (Ci-
C6H5). IR data [KBr, cm
-1] ν: 718 (s, δo.o.p. =C-H), 1072 (m, νC-N), 1499 (s, νC=C), 1599 (m, 
νC=C), 3100 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C20H16N2: 566.2465, found: 566.2485 
[M]
2+
. 
 
4.7.2 Data for 5,5´´-Di-(trimethylsilyl)-N,N´,N´´-triphenyl-2,2´:5´,2´´-terpyrrole (13) 
5-Bromo-5´-trimethylsilyl-N,N´-diphenyl-2,2´-bipyrrole (11) (1.66 g, 3.8 mmol), 1 eq of 
n
butyllithium (1.53 mL, 3.8 mmol), 1.0 eq of [ZnCl2·2thf] (1.07 g, 3.8 mmol), 1 eq of 2-
bromo-5-trimethylsilyl-N-phenyl pyrrole (10) (1.12 g, 3.8 mmol) and 0.25 mol% of 
[Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 (6.53 mg). For column chromatography n-hexane was 
used as eluent. Yield: 0.91 g (1.6 mmol, 42 % based on 11); colorless, fluorescent solid, solu-
ble in dichloromethane. Anal. calcd for C36H39N2Si2 (569.89 g/mol) [%]: C, 75.87; H, 6.90; 
N, 7.37; found: C, 75.37; H, 7.26; N, 7.31. Mp.: 181 °C. 
1
H NMR [CDCl3, ppm] δ: -0.12 (s, 
18 H, SiC3H9), 6.02 (s, 2 H, H-3´/4´), 6.03 (d, 
3
JH4-H3/H4´´-H3´´ = 3.49 Hz, 2 H, H-4/4´´), 6.28 
(m, 2 H, C6H5´), 6.36 (d, 
3
JH3-H4/H3´´-H4´´ = 3.54 Hz, 2 H, H-3/3´´), 6.62 (m, 4 H, C6H5/C6H5´´), 
6.96 (m, 2 H, C6H5´), 7.09 (m, 5 H, C6H5/C6H5´/C6H5´´) 7.18 (m, 2 H, C6H5/C6H5´´). 
13
C{
1
H} 
NMR [CDCl3, ppm] δ: 0.01 (SiC3H9), 112.21 (C-3´/4´), 112.23 (C-3/3´´), 119.19 (C-4/4´´), 
125.87 (C6H5´), 126.03 (C6H5/C6H5´´), 127.03 (C6H5´), 127.15 (C6H5/C6H5´´), 127.95 (Ci-C-
2´/5´), 127.98 (C6H5´), 128.13 (C6H5/C6H5´´), 130.96 (Ci-C-2/2´´), 135.07 (Ci-C6H5/Ci-
C6H5´´), 138.87 (Ci-C6H5´), 141.24 (Ci-C-SiC3H9/C-SiC3H9´´). IR data [KBr, cm
-1] ν: 756 (s, 
δo.o.p. =C-H), 1496 (s, νC=C), 1595 (m, νC=C), 2899 (w, νs-CH3), 2952 (w, νas-CH3), 3091 (w, ν=C-H). 
HR-ESI-MS [m/z]: calcd for C36H39N3Si2: 570.2755, found: 570.2701 [M]
+
. 
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4.7.3 Data for 5,5´´´-Di-(trimethylsilyl)-N,N´,N´´,N´´´-tetraphenyl-2,2´:5´,2´´:5´´,2´´´-
quarter-pyrrole (17) 
5-Bromo-5´-trimethylsilyl-N,N´-diphenyl-2,2´-bipyrrole (11) (1.07 g, 2.47 mmol), 1 eq of 
n
butyllithium (1.0 mL, 2.47 mmol), 1.0 eq of [ZnCl2·2thf] (0.69 g, 2.47 mmol), 1 eq of 11 
(1.07 g, 2.47 mmol) and 0.25 mol% of [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 (4.23 mg). For 
column chromatography a n-hexane/diethyl ether mixture of ratio 10:1 (v/v) was used as elu-
ent. Yield: 0.99 g (1.4 mmol, 57 % based on 11); colorless, fluorescent solid, soluble in di-
chloromethane. Anal. calcd for C36H39N2Si2 (711.06 g/mol) [%]: C, 77.70; H, 6.52; N, 7.88; 
found: C, 77.37; H, 6.70; N, 7.88. Mp.: 211 °C. 
1
H NMR [CDCl3, ppm] δ: -0.13 (s, 18 H, 
SiC3H9), 5.93 (d,
 3
JH4-H3/H4´´´-H3´´´ = 3.64 Hz, 2 H, H-4/4´´´), 6.02 (d, 
3
JH3-H4/H3´´´-H4´´´ = 3.64 Hz, 
2 H, H-3/3´´´), 6.04 (d,
 3
JH3´-H4´/H4´´-H3´´ = 3.50 Hz, 2 H, H-3´/4´´), 6.07 (m, 4 H, 
C6H5/C6H5´´´), 6.36 (d, 
3
JH4´-H3´/H3´´-H4´´ = 3.50 Hz, 2 H, H-4´/3´´), 6.58 (m, 4 H, 
C6H5´/C6H5´´), 6.84 (m, 4 H, C6H5/C6H5´´´), 6.98 (m , 2 H, C6H5/C6H5´´´), 7.08 (m, 4 H, 
C6H5´/C6H5´´), 7.18 (m, 2 H, C6H5´/C6H5´´). 
13
C{
1
H} NMR [CDCl3, ppm] δ: -0.03 (SiC3H9), 
111.98 (C-3´/4´´), 112.13 (C-4´/3´´), 112.26 (C-3/3´´´), 119.16 (C-4/4´´´), 125.53 
(C6H5/C6H5´´´), 125.92 (Ci-C-2´/5´´), 126.11 (Ci-C-5´/2´´), 126.75 (C6H5/C6H5´´´), 127.01 
(C6H5´/C6H5´´), 127.68 (C6H5´/C6H5´´), 127.99 (C6H5/C6H5´´´), 128.05 (C6H5´/C6H5´´), 
130.94 (Ci-C-2/2´´´), 135.11 (Ci-C6H5/Ci-C6H5´´´), 138.52 (Ci-C6H5´/C6H5´´), 141.20 (Ci-C-
SiC3H9/C-SiC3H9´´´). IR data [KBr, cm
-1] ν: 756 (s, δo.o.p. =C-H), 1497 (s, νC=C), 1596 (m, νC=C), 
2893 (w, νs-CH3), 2952 (w, νas-CH3), 3097 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C46H46N4Si2: 
710.3275, found: 710.3256 [M]
+
. 
 
4.8 General procedure – Deprotection of the oligopyrroles 13 and 17 
The Me3Si-protected oligopyrroles 13 and 17, respectively, were dissolved in 20 mL of de-
gassed tetrahydrofuran and 3 eq of tetra-n-butylammonium fluoride were added in a single 
portion at -40 °C. The reaction mixture was slowly warmed to ambient temperature and 
stirred for 2 d, whereby the colorless solution changed to pale blue. After evaporation of all 
volatiles the crude product was worked-up by filtration (column size: 1.5 x 10 cm, alumina 
pretreated with triethyl amine). For column chromatography a n-hexane/diethyl ether mixture 
of ratio 10:1 (v/v) was used as eluent. The 1
st
 fraction contained reactant 13 or 17, while from 
the 2
nd
 fraction the appropriate pure product could be isolated. All volatiles were removed 
under reduced pressure. 
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4.8.1 Data for N,N´,N´´-Triphenyl-2,2´:5´,2´´-terpyrrole (14) 
5,5´´-Di-(trimethylsilyl)-N,N´,N´´-triphenyl-2,2´:5´,2´´-terpyrrol (13) (0.72 g, 1.26 mmol) 
and 3 eq of tetra-n-butylammonium fluoride (1.19 g, 3.78 mmol). Yield: 0.51 g (1.19 mmol, 
95 % based on 13); colorless, fluorescent solid, soluble in dichloromethane. Anal. calcd for 
C30H23N3 (425.52 g/mol) [%]: C, 84.68; H, 5.45; N, 9.87; found: C, 84.19; H, 5.77; N, 9.70. 
Mp.: 132 °C.
 1
H NMR [CDCl3, ppm] δ: 5.87 (m, 
4
Jmeta = 1.23 Hz, 2 H, C6H5´), 6.19 (pt, 
3
JH4-H5/H4´´-H5´´ = 2.94 Hz, 
3
JH4-H3/H4´´-H3´´ = 3.61 Hz, 2 H, H-4/4´´), 6.23 (dd, 
4
JH3-H5/H3´´-H5´´ = 
1.82 Hz, 
3
JH3-H4/H3´´-H4´´ = 3.60 Hz, 2 H, H-3/3´´), 6.36 (s, 2 H, H-3´/4´), 6.61 (m, 4 H, 
C6H5/C6H5´´), 6.65 (m, 2 H, C6H5/C6H5´´), 6.67 (dd, 
4
JH5-H3/H5´´-H3´´ = 1.82 Hz, 
3
JH5-H4/H5´´-H4´´ 
= 2.92 Hz, 2 H, H-5/5´´), 6.82 (tt, 
4
Jmeta = 1.21 Hz, 1 H, C6H5´), 7.04 (m, 6 H, 
C6H5/C6H5´/C6H5´´). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 108.82 (C-4/4´´), 111.76 (C-3´/4´), 
112.99 (C-3/3´´), 122.27 (C-5/5´´), 123.95 (C6H5/C6H5´´), 125.08 (C6H5´), 125.23 (C6H5´), 
125.65 (C6H5/C6H5´´), 126.05 (Ci-C-2/2´´), 126.31 (C6H5´), 127.50 (Ci-C-2´/5´), 128.56 
(C6H5/C6H5´´), 138.29 (Ci-C6H5´), 140.33 (Ci-C6H5/Ci-C6H5´´). IR data [KBr, cm
-1] ν: 757 (s, 
δo.o.p. =C-H), 1499 (s, νC=C), 1599 (m, νC=C), 3055 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for 
C30H23N3: 426.1965, found: 426.1962 [M]
+
. 
 
4.8.2 Data for N,N´,N´´,N´´´´-Tetraphenyl-2,2´:5´,2´´:5´´,2´´´-quarterpyrrole (18) 
5,5´´´-Di-(trimethylsilyl)-N,N´,N´´,N´´´-tetraphenyl-2,2´:5´,2´´:5´´,2´´´-quarterpyrrol (17) 
(0.686 g, 0.96 mmol) and 3 eq of tetra-n-butylammonium fluoride (0.913 g, 2.88 mmol). 
Yield: 0.545 g (0.96 mmol, 100 % based on 17); colorless fluorescent solid, soluble in di-
chloromethane. Anal. calcd for C40H30N4 (566.69 g/mol) [%]: C, 84.78; H, 5.34; N, 9.80; 
found: C, 84.60; H, 5.37; N, 9.80. Mp.: 177 °C. 
1
H NMR [CDCl3, ppm] δ: 5.97 (m, 
3
Jortho = 
7.83 Hz, 4 H, C6H5´/C6H5´´), 6.04 (d, 
3
JH3´-H4´/H4´´-H3´´ = 3.55 Hz, 2 H, H-3´/4´´), 6.18 (m, 
3
JH4-
H5/H4´´´-H5´´´ = 3.25 Hz, 2 H, H-4/4´´´), 6.21 (m, 
3
JH5-H4/H5´´´-H4´´´ = 3.25 Hz, 
4
JH5-H3/H5´´´-H3´´´ = 
1.80 Hz, 2 H, H-5/5´´´), 6.23 (d, 
3
JH4´-H3´/H3´´-H4´´ = 3.59 Hz, 2 H, H-4´/3´´), 6.56 (m, 
3
Jortho = 
7.83 Hz, 4 H, C6H5/C6H5´´´), 6.65 (m, 
4
JH3-H5/H3´´´-H5´´´ = 1.82 Hz, 2 H, H-3/3´´´), 6.73 (m, 
3
Jortho = 7.83 Hz, 4 H, C6H5´/C6H5´´), 6.88 (m, 2 H, C6H5´/C6H5´´), 7.03 (m, 
3
Jortho = 7.83 Hz, 
4 H, C6H5/C6H5´´´), 7.08 (m, 2 H, C6H5/C6H5´´´). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 108.83 (C-
4/4´´´), 111.51 (C-3/3´´´), 112.14 (C-3´/4´´), 112.92 (C-4/3´´), 122.70 (C-5/5´´´), 123.90 
(C6H5/C6H5´´´), 125.24 (Ci-2/2´´), 125.28 (C6H5/C6H5´´´), 125.54 (C6H5´/C6H5´´), 126.02 (Ci-
C-5´´/2´´´), 126.31 (Ci-C-5´/2´´), 126.35 (C6H5´/C6H5´´), 127.50 (C6H5´/C6H5´´), 128.52 
(C6H5/C6H5´´´), 138.25 (Ci-C6H5´/ Ci-C6H5´´), 140.34 (Ci-C6H5/Ci-C6H5´´´). IR data [KBr, 
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cm
-1] ν: 769 (s, δo.o.p. =C-H), 1500 (s, νC=C), 1597 (m, νC=C), 3100 (w, ν=C-H). HR-ESI-MS [m/z]: 
calcd for C40H30N4: 566.2453, found: 426.2465 [M]
+
.
 
 
4.9 General procedure – Synthesis of dibromo oligopyrroles 8, 15 and 19 
According to a modified procedure from Gilow et al.
25
 unsubstituted N-phenyl (oli-
go)pyrrole 7, 14 and 18 were dissolved in 30 mL of degassed tetrahydrofuran and 2 eq of N-
bromosuccinimide were added in a single portion  at -78 °C. After 30 min of stirring at this 
temperature the solution was slowly warmed to ambient temperature and stirred for additional 
2 h. Then the pink (7) or purple (14 and 18) reaction mixture was extracted three times with 
20 mL of diethyl ether. The organic phase was washed three times with an aqueous Na2CO3 
solution and dried over MgSO4. The solvent was evaporated to dryness in oil-pump vacuum 
yielding a colorless precipitate. The crude product was washed twice with cold n-pentane 
(0 °C) and finally dried in oil-pump vacuum. 
 
4.9.1 Data for 5,5´-dibromo-N,N´-diphenyl-2,2´-bipyrrole (8)  
N,N´-Diphenyl-2,2´-bipyrrol (3) (2.36 g, 8.31mmol) and 2 eq of N-bromosuccinimide (2.96 
g, 16.62 mmol). Yield: 2.88 g (6.54 mmol, 79 % based on 3); colorless solid, soluble in di-
chloromethane. Anal. calcd for C20H14N2Br2 (442.15 g/mol) [%]: C, 54.33; H, 3.19; N, 6.34; 
found: C, 54.39; H, 3.36; N, 6.28. Mp.: 168.5 °C.
 1
H NMR [CDCl3, ppm] δ: 6.05 (d, 
3
JH3-H4 
= 3.80 Hz, 2 H, H-3), 6.19 (d, 
3
JH4-H3 = 3.80 Hz, 2 H, H-4), 6.79 (m, 4 H, C6H5), 7.22-7.27 
(m, 6 H, C6H5). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 103.56 (C-5), 111.56 (C-3), 113.19 (C-4), 
127.13 (Ci-C-2), 127.84 (C6H5), 128.38 (C6H5), 128.55 (C6H5), 137.90 (Ci-C6H5). IR data 
[KBr, cm
-1] ν: 755, 764 (s, δo.o.p. =C-H), 1070 (m, νC-N), 1496 (s, νC=C), 1595 (m, νC=C), 3032 (w, 
ν=C-H). HR-ESI-MS [m/z]: calcd for C20H14N2Br2: 441.9499, found: 441.9499 [M]
+
. 
 
4.9.2 Data for 5,5´´-dibromo-N,N´,N´´-triphenyl-2,2´:5´,2´´-terpyrrole (15) 
N,N´,N´´-Triphenyl-2,2´:5´,2´´-terpyrrol (14) (0.43 g, 1.0 mmol) and 2 eq of N-
bromosuccinimide (0.36 g, 2.0 mmol). Yield: 0.49 g (0.84 mmol, 84 % based on 14); color-
less solid, soluble in dichloromethane. Anal. calcd for C30H21N3Br2 (583.32 g/mol) [%]: C, 
61.77; H, 3.63; N, 7.20; found: C, 61.55; H, 3.74; N, 6.89. Mp.: 181 °C. 
1
H NMR [(CD3)2CO, 
ppm] δ: 5.94 (d, 3JH3-H4/H3´´-H4´´ = 3.84 Hz, 2 H, H-3/3´´), 5.96 (s, 2 H, H-3´/4´), 6.17 (d, 
3
JH4-
H3/H4´´-H3´´ = 3.84 Hz, 2 H, H-4/4´´), 6.40 (m, 2 H, C6H5´), 6.72 (m, 4 H, C6H5/C6H5´´), 7.09 
(m, 2 H, C6H5´), 7.19 (m, 1 H, C6H5´), 7.27 (m, 4 H, C6H5/C6H5´´), 7.34 (m, 2 H, 
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C6H5/C6H5´´). 
13
C{
1
H} NMR [(CD3)2CO, ppm] δ: 103.24 (C-5/5´´), 112.19 (C-3´/4´), 113.34 
(C-3/3´´), 113.53 (C-4/4´´), 126.63 (Ci-C-2/2´´), 127.45 (C6H5´), 128.14 (C6H5/C6H5´´), 
128.44 (C6H5´), 128.60 (C6H5´), 129.01 (Ci-C-2´/5´), 129.03 (C6H5/C6H5´´), 129.25 
(C6H5/C6H5´´), 138.69 (Ci-C6H5/Ci-C6H5´´), 139.02 (Ci-C6H5´). IR data [KBr, cm
-1] ν: 757 (s, 
δo.o.p. =C-H), 1497 (s, νC=C), 1596 (m, νC=C), 3059 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for 
C30H21N3Br2: 584.0157, found: 584.0087 [M]
+
. 
 
4.9.3 Data for 5,5´´´-dibromo-N,N´,N´´,N´´´-tetraphenyl-2,2´:5´,2´´:5´´,2´´´-
quarterpyrrole (19) 
N,N´,N´´,N´´´-Tetraphenyl-2,2´:5´,2´´:5´´,2´´´-quarterpyrrol (18) (0.53 g, 0.94 mmol) and 2 
eq of N-bromosuccinimide (0.33 g, 1.88 mmol). Yield: 0.62 g (0.86 mmol, 91 % based on 
18); colorless solid, soluble in dichloromethane. Anal. calcd for C40H28N4Br2 (724.49 g/mol) 
[%]: C, 66.31; H, 3.90; N, 7.73; found: C, 65.31; H, 3.98; N, 7.50. Mp.: 178 °C. 
1
H NMR 
[CDCl3, ppm] δ: 5.92 (d, 
3
JH4-H3/H4´´´-H3´´´ = 3.61 Hz, 2 H, H-4/4´´´), 6.03-6.06 (m, 8 H, 
C6H5/C6H5´´´/H-3/3´´´/H-3´/4´´), 6.18 (d, 
3
JH4´-H3´/H3´´-H4´´ = 3.77 Hz, 2 H, H-4´/3´´), 6.58 (m, 4 
H, C6H5´/C6H5´´), 6.85 (m, 4 H, C6H5/C6H5´´´), 7.00 (m, 2 H, C6H5/C6H5´´´), 7.12 (m, 4 H, 
C6H5´/C6H5´´), 7.21 (m, 2 H, C6H5´/C6H5´´). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 102.88 (C-
5/5´´´), 111.52 (C-3/3´´´), 112.02 (C-3´/4´´), 112.50 (C-4´/3´´), 112.78 (C-4/4´´´), 125.54 (Ci-
C-2´/5´´), 125.78 (C6H5/C6H5´´´), 126.23 (Ci-C-2/2´´´), 126.64 (C6H5/C6H5´´´), 127.32 
(C6H5´/C6H5´´), 127.67 (Ci-C-5´/2´´), 127.85 (C6H5´/C6H5´´), 128.14 
(C6H5/C6H5´/C6H5´´/C6H5´´´), 137.88 (Ci-C6H5/C6H5´´´), 138.14 (Ci-C6H5´/C6H5´´). IR data 
[KBr, cm
-1] ν: 766 (s, δo.o.p. =C-H), 1497 (s, νC=C), 1596 (m, νC=C), 3042 (w, ν=C-H). HR-ESI-MS 
[m/z]: calcd for C40H28N4Br2: 724.0694, found: 724.0659 [M]
+
. 
 
4.10 General procedure – Synthesis of diferrocenyl oligopyrroles 9, 16 and 20  
Ferrocene and KO
t
Bu (0.125 eq) were dissolved in 20 mL of tetrahydrofuran and the solu-
tion was cooled to -80 °C. 
t
Butyllithium (2 eq, 1.6 M in n-pentane) was added dropwise via a 
syringe and the solution was stirred for 1 h. Then [ZnCl2·2thf] (1 eq) was added in a single 
portion. The reaction mixture was stirred for additional 30 min at 0 °C. Afterward, 0.25 mol% 
of [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 and 1/3 eq of the bromo oligopyrroles 8, 15 or 19 were 
added in a single portion and the reaction solutions were stirred overnight at 60 °C. The crude 
product was worked-up by column chromatography (column size: 1.5 x 10 cm, alumina pre-
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treated with triethyl amine). The 1
st
 fraction contained ferrocene, while from the 2
nd
 fraction 
9, 16 or 20 could be isolated. All volatiles were removed under reduced pressure. 
 
4.10.1 Data for 5,5´-diferrocenyl-N,N´-diphenyl-2,2´-bipyrrole (9)  
Ferrocene (350 mg, 1.89 mmol), 0.125 eq of KO
t
Bu (27 mg, 0.24 mmol), 2 eq of 
t
butyllith-
ium (2.35 mL, 3.78 mmol), 1.0 eq of [ZnCl2·2thf] (527 mg, 1.89 mmol), 1/3 eq of 5,5´-
dibromo-N,N´-diphenyl-2,2´-bipyrrol (8) (280 mg, 0.63 mmol) and 0.25 mol% of 
[Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 (2.14 mg). As eluent for column chromatography a n-
hexane/diethyl ether mixture of ratio 10:1 (v/v) was used. Yield: 0.3 g (0.45 mmol, 73 % 
based on 8); pale orange solid, soluble in dichloromethane. Anal. calcd for C40H32N2Fe2 
(652.38 g/mol) [%]: C, 73.64; H, 4.94; N, 4.29; found: C, 73.61; H, 5.40; N, 4.10. Mp.: 221 
°C. 
1
H NMR [CDCl3, ppm] δ: 3.84 (pt, JHH = 1.90 Hz , 4 H, C5H4), 3.97 (s, 10 H, C5H5), 3.98 
(pt, JHH = 1.90 Hz, 4 H, C5H4), 6.03 (d, 
3
JH3-H4 = 3.67 Hz, 2 H, H-3), 6.30 (d, 
3
JH4-H3 = 3.67 
Hz, 2 H, H-4), 6.85 (m, 4 H, C6H5/o-H), 7.22-7.25 (m, 6 H, C6H5). 
13
C{
1
H} NMR [CDCl3, 
ppm] δ: 67.51 (C5H4), 67.56 (C5H4), 69.60 (C5H5), 79.26 (Ci-C5H4), 108.09 (C-4), 112.47 (C-
3), 126.65 (C-5), 127.41 (C6H5), 128.27 (C6H5), 129.08 (C6H5), 131.85 (Ci-C-2), 139.41 (Ci-
C6H5). IR data [KBr, cm
-1] ν: 775 (s, δo.o.p. =C-H), 1105 (m, νC-N), 1500 (s, νC=C), 1590 (m, 
νC=C), 3080 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C40H32N2Fe2: 652.1260, found: 652.1263 
[M]
+
. 
 
4.10.2 Crystal data for 9 
Single crystals of 9 were obtained by diffusion of methanol into a dichloromethane solution 
containing 9 at 25 °C. C40H32Fe2N2, Mr = 652.38 g·mol
-1
, crystal dimensions 0.15 x 0.12 x 
0.08 mm, triclinic, P–1, λ = 0.71073 Å, a = 12.8550(5) Å, b = 16.1262(4) Å, 
c = 16.9337(6) Å, α = 112.931(3) °, β = 105.841(3) °, γ = 97.547 (3) °, V = 2996.19(17) Å3, 
Z = 4, ρcalcd = 1.446 g·cm
-3
, μ = 1.001 mm-1, T = 110 K, Θ range = 2.90–26.00 °, reflections 
collected 27603, independent 11692, R1 = 0.0387, wR2 = 0.0772 [I ≥ 2σ(I)].  
 
4.10.3 Data for 5,5´´-diferrocenyl-N,N´,N´´-triphenyl-2,2´:5´,2´´-terpyrrole (16) 
Ferrocene (383 mg, 2.06 mmol), 0.125 eq of KO
t
Bu (29 mg, 0.26 mmol), 2 eq of 
t
butyllith-
ium (2.57 mL, 4.12 mmol), 1.0 eq of [ZnCl2·2thf] (577 mg, 2.06 mmol), 1/3 eq of 5,5´´-
dibromo-N,N´,N´´-triphenyl-2,2´:5´,2´´-terpyrrol (15) (0.40 g, 0.69 mmol) and 0.25 mol% of 
[Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 (2.35 mg). As eluent for column chromatography a 
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n-hexane/diethyl ether mixture of ratio 2:1 (v/v) was used. Yield: 0.3 g (0.38 mmol, 55 % 
based on 15); orange solid, soluble in dichloromethane. Anal. calcd for C50H39N3Fe2·0.85Et2O 
(856.55 g/mol) [%]: C, 74.87; H, 5.59; N, 4.90; found: C, 74.56; H, 5.30; N, 4.90. Mp.: 185 
°C (decomp.). 
1
H NMR [(CD3)2SO, ppm] δ: 3.78 (pt, JHH = 1.88 Hz, 4 H, C5H4), 3.92 (s, 10 
H, C5H5), 4.01 (pt, JHH = 1.88 Hz, 4 H, C5H4), 5.70 (d, 
3
JHH = 3.65 Hz, 2 H, H-3/3´´), 5.72 (s, 
2 H, H-3´/4´), 6.25 (d, 
3
JHH = 3.65 Hz, 2 H, H-4/4´´), 6.70 (m, 2 H, C6H5´/o-H), 6.82 (m, 4 H, 
C6H5/C6H5´´/o-H), 7.21 (m, 3 H, C6H5´), 7.32 (m, 4 H, C6H5/C6H5´´/m-H), 7.39 (m, 2 H, 
C6H5/C6H5´´/p-H). 
13
C{
1
H} NMR [(CD3)2SO, ppm] δ: 66.28 (C5H4), 67.29 (C5H4), 69.20 
(C5H5), 78.42 (Ci-C5H4), 107.67 (C4N), 111.34 (C4N), 111.64 (C4N), 125.48 (Ci-C-5/5´´), 
126.12 (Ci-C-2/2´´), 126.59 (C6H5´), 127.70 (C6H5/C6H5´´), 127.86 (C6H5´), 127.98 (C6H5´), 
128.34 (C6H5/C6H5´´), 128.83 (C6H5/C6H5´´), 131.25 (Ci-C-2´/5´), 138.43 (Ci-C6H5´), 138.59 
(Ci-C6H5/Ci-C6H5´´). IR data [KBr, cm
-1] ν: 768 (s, δo.o.p. =C-H), 1497 (s, νC=C), 1596 (m, νC=C), 
3055, 3098 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C50H39N3Fe2: 794.1918, found: 794.1815 
[M]
+
. 
 
4.10.4 Crystal data for 16·0.54 MeOH  
Single crystals of 16·0.54 MeOH were obtained by diffusion of methanol into a dichloro-
methane solution containing 16 at 25 °C. C50.54H41.15Fe2N3O0.54, Mr = 810.75 g·mol
-1
, crystal 
dimensions 0.40 x 0.10 x 0.01 mm, monoclinic, P21/c, λ = 1.54184 Å, a = 16.2608(7) Å, 
b = 23.0890(11) Å, c = 10.5432(4) Å, β = 98.853(4) °, V = 3910.9(3) Å3, Z = 4, ρcalcd = 1.375 
g·cm
-3
, μ = 6.263 mm-1, T = 115 K, Θ range = 4.66–63.99 °, reflections collected 12779, in-
dependent 6387, R1 = 0.0587, wR2 = 0.1263 [I ≥ 2σ(I)].  
 
4.10.5 Data for 5,5´´´-diferrocenyl-N,N´,N´´,N´´´-tetraphenyl-2,2´:5´,2´´:5´´,2´´´-
quarterpyrrole (20) 
Ferrocene (466 mg, 2.5 mmol), 0.125 eq of KO
t
Bu (35 mg, 0.31 mmol), 2 eq of 
t
butyllithi-
um (3.13 mL, 5.0 mmol), 1.0 eq of [ZnCl2·2thf] (0.70 g, 2.5 mmol), 1/3 eq of 5,5´´´-dibromo-
N,N´,N´´,N´´´-tetraphenyl-2,2´:5´,2´´:5´´,2´´´-quarterpyrrol (19) (0.60 g, 0.84 mmol) and 0.25 
mol% of [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 (4.30 mg). For column chromatography a 
n-hexane/dichloro-methane mixture of ratio 5:1 (v/v) was used as eluent. Yield: 0.65 g (0.69 
mmol, 83 % based on 19); orange solid, soluble in dichloromethane. Anal. calcd for 
C40H46N4Fe2 (934.24 g/mol) [%]: C, 77.10; H, 4.96; N, 5.99; found: C, 77.03; H, 5.36; N, 
5.83. Mp.: 227 °C (decomp.). 
1
H NMR [CDCl3, ppm] δ: 3.80 (pt, JHH = 1.89 Hz , 4 H, C5H4), 
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3.95 (s, 10 H, C5H5), 3.97 (pt, JHH = 1.90 Hz, 4 H, C5H4), 5.95 (d, 
3
JHH = 3.58 Hz, 2 H, H-
4/4´´´), 6.03 (d, 
3
JHH = 3.67 Hz, 2 H, H-3´/4´´), 6.06 (d, 
3
JHH = 3.56 Hz, 2 H, H-3/3´´´), 6.14 
(m, 4 H, C6H5/C6H5´´´), 6.30 (d, 
3
JHH = 3.67 Hz, 2 H, H-4´/3´´), 6.55 (m, 4 H, C6H5´/C6H5´´), 
6.86 (m, 4 H, C6H5/C6H5´´´), 6.97 (m, 2 H, C6H5/C6H5´´´), 7.10 (m, 4 H, C6H5´/C6H5´´), 7.21 
(m, 2 H, C6H5´/C6H5´´). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 67.47 (C5H4), 67.53 (C5H4), 69.60 
(C5H5), 79.09 (Ci-C5H4), 108.09 (C4N), 111.77 (C4N), 112.32 (C4N), 112.41 (C4N), 125.47 
(C6H5/C6H5´´´), 126.07 (Ci-C-2/2´´), 126.10 (Ci-C-2´/5´´), 126.53 (Ci-C-5/5´´´), 126.77 
(C6H5/C6H5´´´), 127.04 (C6H5´/C6H5´´), 127.65 (C6H5´/C6H5´´), 127.97 (C6H5/C6H5´´´), 
128.68 (C6H5´/C6H5´´), 131.09 (Ci-C-5´/2´´), 138.55 (Ci-C6H5/Ci-C6H5´´´), 138.98 (Ci-
C6H5´/Ci-C6H5´´). IR data [KBr, cm
-1
] ν: 769 (s, δo.o.p. =C-H), 1498 (s, νC=C), 1596 (m, νC=C), 
3055, 3091 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C60H46N4Fe2: 934.2419, found: 934.2410 
[M]
+
. 
 
4.10.6 Crystal data for 20 
Single crystals of 20 were obtained by diffusion of toluene into a dichloromethane solution 
containing 20 at 25 °C. C60H46Fe2N4, Mr = 934.71 g·mol
-1
, crystal dimensions 0.36 x 0.18 x 
0.12 mm, triclinic, P–1, λ = 1.54184 Å, a = 7.2632(3) Å, b = 15.1417(6) Å, c = 20.1823(8) Å, 
α = 76.704(3) °, β = 87.070(3) °, γ = 79.227 (3) °, V = 2188.19(15) Å3, Z = 2, ρcalcd = 1.419 
g·cm
-3
, μ = 5.677 mm-1, T = 115 K, Θ range = 3.05–62.93°, reflections collected 12059, inde-
pendent 6903, R1 = 0.0455, wR2 = 0.1122 [I ≥ 2σ(I)].  
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Kapitel D 
D 3,4-Ferrocenyl-functionalized Pyrroles: Synthesis, Structure and 
(Spectro)Electrochemical Studies 
 
Marcus Korb, Ulrike Pfaff, Alexander Hildebrandt, Tobias Rüffer and Heinrich Lang 
 
Publiziert in European Journal of Inorganic Chemistry 2014, 1051–1061. 
 
Die Verbindungen 3b,c, 4b und 7b wurden von Herrn Marcus Korb synthetisiert und charak-
terisiert. Die Synthese und die Charakterisierung von 3a, 4a und 7a erfolgten durch den Au-
tor. Die Auswertung und Diskussion der elektro- und spektroelektrochemischem Messungen 
aller untersuchten Verbindungen erfolgte in Kooperation mit Herrn Dr. Hildebrandt. Kris-
tallographische Untersuchungen wurden von Herrn Korb und Herrn Dr. Rüffer durchgeführt 
und ausgewertet. 
 
 
1. Introduction 
Recent investigations on diverse isomeric ferrocenyl-functionalized 5-membered heterocy-
cles including furan, 
D1,D2
 thiophene,
 D1,D2
 pyrrole,
 D1,D2
 phosphole
 D3a
 and maleimides
 D3b,c
 as 
well as titana-
 D4
 and zircona-cycles
 D5
 as model compounds to explain the electronic commu-
nication across π-conjugated linking units in redox-active organometallic molecules were car-
ried out, since these species can be understood as building blocks for electronic wires.
[6,7]
 The 
2,5-functionalization is the most investigated substitution pattern for heterocyclic com-
pounds, 
D2,D3,D7-9
 which is explainable by their straightforward accessibility. Super-crowded 
tetraferrocenyl five-membered heterocycles of thiophene and NR-pyrrols (R = Me, Ph) with 
their ferrocenyl substituents possess four reversible Fc/Fc
+
 redox events indicating that all 
ferrocenyl groups can be oxidized separately. The electrochemical and spectroelectrochemical 
(UV-Vis/near-IR, IR spectroscopy) properties of these species were studied. 
D3,D10
 In particu-
lar the electronic communication between the redox-active ferrocenyls, depending on the dif-
ferent substitution pattern, have been investigated on the example of thiophene-bridged sys-
tems. It was found that the degree of intermetallic interaction decreases from the 2,5- to the 
2,3-, 2,4- and 3,4-functionalization. 
D11
 Nevertheless, the differences, especially within the 
electrochemical data, between the different substitution patterns are rather low, as the variety 
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in resonance stabilization is compensated by the different electrostatic repulsion energies for 
the individual isomers. 
(Spectro)Electrochemical measurements within a series of furan-, thiophene-, pyrrole-, and 
phosphole-based ferrocenyl-functionalized systems confirmed that electron-rich heterocycles, 
such as methyl- and phenyl-pyrroles are best suited to promote electron transfer through the 
conjugated π-system. D6,D10 In this respect, we herein present the synthesis, characterization 
and (spectro)electrochemical behavior of novel 3,4-functionalized 3,4-Fc2-
c
C4H2NR (Fc = 
Fe(η5-C5H4)(η
5
-C5H5); R = Ph, Ts, Si
i
Pr3) and 3,4-(FcC≡C)2-
c
C4H2NR (R = Ph, Ts), as these 
molecules exhibit both, the less favoured 3,4-substitution and the advantageous electron-rich 
pyrrole core. In addition, it could be demonstrated that the electronic behavior of the pyrrole 
unit itself is highly dependent on the electron-withdrawing or electron-donating character of 
the substituent R at nitrogen.
D10
 To confirm this influence in 3,4-substituted isomers, exem-
plary the phenyl- and the electron-withdrawing tosyl functionality have been introduced.  
 
2. Results and Discussion 
2.1 Synthesis and Characterization 
N-substituted pyrroles 2–7 (Schemes D1 and D2) have been investigated to examine their 
steric and electronic properties. Therefore, 3,4-dibromo pyrroles 3,4-Br2-
c
C4H2NR (2a, 
R = Ph; 2b, R = SO2-4-MeC6H4 (Ts); 2c, R = Si
i
Pr3) were synthesized from 
c
C4H4NR (1a, 
R = Ph; 1b, R = Ts; 1c, R = Si
i
Pr3) using different bromination reactions as outlined in 
Scheme D1. 
D12-14
 For steric less demanding N-substituents like the phenyl and tosyl group, 
respectively, treatment with either NBS (synthesis of 2a) or bromine (synthesis of 2b) gave at 
first the respective 2,5-di-bromo derivatives 2,5-Br-
c
C4H2NR, which subsequently rearranges 
under acidic conditions to produce the thermodynamic more stable 3,4-isomers 2a and 2b, 
respectively (Scheme D1). 
D13
 However, the steric demanding Si
i
Pr3 (TIPS) protecting group 
shields the 2,5-position of the pyrrole and hence selectively directs the substituents into the 
positions 3 and 4 even at –78 °C. It should be noted that higher yields can be obtained when 
working in the absence of light.
 D12,D14
 The introduction of either ferrocenyl or ferro-
cenylethynyl substituents is possible by palladium-catalyzed C,C cross-coupling reactions. 
D9,D15
 Treatment of 2a–c with FcZnCl D9 using the Negishi coupling protocol in presence of 
catalytic amounts of [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 afforded the 3,4-diferrocenylpyrroles 
3a and 3b as depicted in Scheme D1. Unfortunately, the TIPS protected pyrrole 2c did not 
convert to 3c under the relatively high reaction temperatures as well as the basic reaction con-
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ditions applied, which is in accordance with other reported reactions using 2c as the starting 
material.
 D16
 After column chromatography only a small amount (< 1 %, Experimental Sec-
tion) of a soluble material could be recovered. Mass spectrometric studies showed the mo-
lecular ion peak corresponding to Fc2
c
C4H2N-TIPS
+
. Nevertheless, by hand-picking single 
crystals could be separated, which enabled us to carry out a single crystal X-ray structure de-
termination demonstrating the formation of the constitution isomer 2,3-diferrocenyl pyrrole 
N-TIPS (5) (Scheme D1). The formation of 5 from 2c can be explained by a metal-halogen 
exchange reaction during the catalytic process. 
D17
  
 
Scheme D1. Synthesis of 3,4-diferrocenyl-substituted pyrroles 3a,b and 4a,b and 5, respec-
tively. a) R = Ph: 1
st
, NBS, tetrahydrofuran, –80 °C. 2nd, TsOH, acetonitrile, toluene, 0 → 25 
°C, 16 h. b) R = Ts: Br2, AcOH, reflux, 90 min. c) R = TIPS: NBS, tetrahydrofuran, –80 °C. 
d) 1
st
, FcZnCl, –80 °C. 2nd, 1–0.25 mol-% [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2, 60 °C, 2a–c. 
e) [CuI], NH(
i
Pr)2, tetrahydrofuran, PPh3, 1 mol-% [PdCl2(PPh3)2], FcC≡CH, 72 h, 65 °C. 
 
 
For the synthesis of the respective ferrocenylethynyl-functionalized compounds 7a and 7b 
(Scheme D2) the Sonogashira C,C cross-coupling protocol was applied.
 D15
 Thus, the reaction 
of pyrroles 2a and 2b with FcC≡CH gave the bis(ferrocenylalkynyl) pyrroles 4a and 4b, 
which could be separated after appropriate workup in yields between 18–27 % (Scheme D1) 
(Experimental Section). However, the during the synthesis of 4a,b, the mono-
ferrocenylethynyl-substituted compounds 3-Br-4-FcC≡C-cC4H2NR (7a, R = Ph; 7b, R = Ts) 
were additionally formed. Hence, purification methods including column chromatography and 
crystallization procedures had to be carried out (Experimental Section). This decisively low-
ered the yield of the main products 4a,b. It should be noted that using different stoichi-
ometries or temperatures did not significantly influence the ratio of the product formation. 
Organometallic compounds 3, 4 and 7 are orange colored solid materials, which are stable 
to air and moisture for months. They are soluble in most common organic solvents including 
toluene, dichloromethane, tetrahydrofuran and boiling 
n
hexane. They have been characterized 
by elemental analysis, IR and NMR (
1
H, 
13
C{
1
H}) spectroscopy, and ESI-TOF mass spec-
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trometry (Experimental Section). The electrochemical and spectroelectrochemical properties 
of 3a,b and 4a,b were determined by cyclic voltammetry (CV), square wave voltammetry 
(SWV) and in situ UV-Vis/near-IR as well as IR spectroscopy. 
 
Scheme D2. Synthesis of 3,4-diferrocenylethynyl-substituted pyrroles 4a and 4b and the 
mono-ferrocenylethynyl pyrroles 7a and 7b. a) TsOH, toluene/acetonitrile (ratio 1/1, v/v), 
0 °C → 25 °C. b) FcC≡CH, 1 mol-% [PdCl2(PPh3)2], tetrahydrofuran, NH(
i
Pr)2, 65 °C, 72 h. 
 
 
 
The 
1
H NMR spectra of 3a,b, 4b, and 7b display one sharp singlet for the η5-bonded cyclo-
pentadienyl groups C5H5 and two pseudo triplets (
3,4
JHH = 1.9 Hz) for the protons of the re-
spective C5H4 ligands as characteristic for a AA´XX´ spin system. 
D18
 The α-hydrogen atoms 
at the pyrrole core give rise to one singlet for the symmetrical functionalized species at 
7.18 ppm for 3a and 4a, 7.12 ppm for 3b, and 7.27 ppm for 4b as well as two doublets for the 
unsymmetrical systems at 7.07 and 7.24 ppm for 7a and 7.16 and 7.28 ppm for 7b. This indi-
cates that the substituents R at the nitrogen atom do have a direct influence on the chemical 
shift of the α-protons. In addition, with the electron-withdrawing groups –C≡C– and Br in 
positions 3 and 4, the signal is either shifted to higher (3b) or lower (4b) field. The shift of the 
C5H5 ring protons is also primarily influenced by the substituents in 3- and 4-position.  
The IR spectra of 4 and 7 show a characteristic ν(C≡C) absorption at 2208 (4a), 2215 (4b), 
2240 (7a) and 2223 cm
-1
 (7b) for the ferrocenylethynyl units, which is typical for this type of 
building block. 
D19 
The molecular structures of 3a,b, 4b, 5, and 7b in the solid state have been determined by 
single crystal X-ray diffraction analysis (Figures D1–3). Suitable crystals were obtained either 
by slow diffusion of methanol into a dichloromethane solution containing the respective or-
ganometallic compound or by crystallization from 
n
hexane solutions at low temperature (Ex-
perimental Section). In addition, the structures of pyrroles 1b, 2b and 2c
 D12
 in the solid state 
are given in the Supporting Information (Figures SI7–SI9). Important bond distances (Å), 
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bond angles (°) and torsion angles (°) are summarized in the captions of Figures D1–D3. For 
crystal and structure refinement data see Electronic Supporting Information. 
 
 
Figure D1. ORTEP diagram (50 % probability level) of the molecular structure of 3a (left) 
and 3b (right) with the atom numbering scheme. Hydrogen atoms have been omitted for clari-
ty. Selected bond distances (Å), angles (°) and torsion angles (°). Compound 3a: C1–C2 
1.375(5), C2–C3 1.441(5), C3–C4 1.370(5), average N–C 1.37(10), C2–C5 1.455(5), C3–C15 
1.474(5), D1–Fe1 1.6565(5), D2–Fe1 1.6497(6), D3–Fe2 1.6567(6), D4–Fe2 1.6574(6), N1–
C25 1.426(5), C4–N1–C1 107.9(3), D1–Fe1–D2 177.88(4), D3–Fe2–D4 176.89(4), C26–
C25–N1–C1 –147.5(4), C1–C2–C5–C6 151.2(4), C4–C3–C15–C16 65.4(5), C5–D1–D2–C10 
2.4(3), C15–D3–D4–C20 –10.9(3), average Fe–Fe 6.0287. Compound 3b: C1−C2 1.371(3), 
C2−C3 1.458(3), C3−C4 1.356(3), average N−C 1.389(6), N1−S1 1.662(2), C2−C12 
1.458(3), C3−C22 1.473(3), D1−Fe1 1.643(2), D2−Fe1 1.652(2), D3−Fe2 1.652(2), D4−Fe2 
1.653(2), Fe1–Fe2 6.0313(9), C4−N1−C1 108.99(19), C1−C2−C12 124.3(2), C4−C3−C22 
124.8(2), D1–Fe1–D2 177.61(2), D3–Fe2–D4 178.15(2), C1–N1–S1–C5 –76.13(21), C4–C3–
C22–C23 76.51(32), C1–C2–C12–C13 –19.0(4), C12−D1−D2−C17 6.11(17), 
C22−D3−D4−C27 –25.22(16) (D1 and D3 denotes the centroid of C5H4; D2 and D4 denotes 
the centroid of C5H5). 
 
Compounds 3b, 4b and 7b crystallize in the triclinic space group P–1 with one crystallo-
graphically independent molecule in the asymmetric unit, while 3a and 5 crystallize in the 
monoclinic space groups P2/c (3a) or P21/n (5) with two (3a) or three (5) crystallographically 
independent molecules in the asymmetric unit. 3,4-Diferrocenyl pyrroles contain one orthog-
onal positioned (3a, 69.04(14); 3b, 77.98(9) °, 4b, 82.25(7) °, 7b, 83.55(10) °) and one rather 
coplanar-oriented ferrocenyl units (3a, 27.5(2) °; 3b, 19.85(14) °, 4b, 11.73(14) °). In the 2,3-
disubstituted compound 5, the steric interaction of the ferrocenyl substituents with the N-
triisopropylsilyl moieties results in a torsion angle of 47.44(5) °. The substituent in position 3 
is rotated by 26.44(19) ° from co-planarity with the five-membered N-heterocyclic core. The 
torsion angles of the ferrocenyls themselves are rather staggered (3b, –25.22(16) °) or slightly 
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deviate from an eclipsed conformation (Figures D1–D3). With regard to the iron-iron distanc-
es, the values increase from the 2,3-substituted compound 5 (average of three molecules: 5.67 
Å) via the 3,4-diferrocenylpyrroles 3a and 3b (3a, 6.03; 3b, 6.03 Å) to 4b (7.22 Å) with two 
additional ethynyl moieties.  
 
Figure D2. ORTEP diagram (50% probability level) of the molecular structure of 5 with the 
atom-numbering scheme. All hydrogen atoms have been omitted for clarity. Selected bond 
distances (Å), angles (°), and torsion angles (°): C1−N1 1.424(4), C1−C2 1.378(5), C2−C3 
1.428(5), C3−C4 1.352(5), C4−N1 1.387(4), N1−Si1 1.794(3), C1–C14 1.477(5), C2–C24 
1.473(5), D1−Fe1 1.6487(5), D2−Fe1 1.6484(5), D3−Fe2 1.6384(5), D4−Fe2 1.6416(5), N1–
C1–C14 118.5(3), C3–C2–C24 122.1(3), C1–N1–C4 106.0(3), D1–Fe1–D2 177.03(3), D3–
Fe2–D4 178.79(3), N1–C1–C14–C15 47.44(5), C3–C2–C24–C25 –23.8(5), 
C14−D1−D2−C19 1.1(3), C24−D3−D4−C30 –8.0(3) average Fe–Fe 5.6709 (D1 and D3 de-
notes the centroid of C5H4; D2 and D4 denotes the centroid of C5H5).  
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Figure D3. ORTEP diagram (50% probability level) of the molecular structure of 4b (left) 
and 7b (right) with the atom-numbering scheme. All hydrogen atoms have been omitted for 
clarity. Selected bond distances (Å), angles (°), and torsion angles (°). Compound 4b: C1−C2 
1.370(3), C2−C3 1.446(3), C3−C4 1.367(3), average N−C 1.387(6), N1−S1 1.6722(17), 
C2−C5 1.422(3), C3−C17 1.437(3), C5–C6 1.210(3), C6–C7 1.417(3), C17–C18 1.194(3), 
C18–C19 1.419(3). D1−Fe1 1.6444(3), D2−Fe1 1.6450(3), D3−Fe2 1.6446(3), D4−Fe2 
1.6536(3), Fe1–Fe2 7.2153(5), C2–C5–C6 177.7(2), C5–C6–C7 179.6(3), C4−N1−C1 
108.99(19), C3–C17–C18 177.5(2), C17–C18–C19 175.4(2), D1–Fe1–D2 179.01(2), D3–
Fe2–D4 178.74(2), C1–N1–S1–C29 –83.45(18), C12−D1−D2−C17 –3.10(14), 
C19−D3−D4−C24 –9.18(14). Compound 7b: C1–C2 1.354(3), C2–C3 1.436(3), C3–C4 
1.368(3), C2–Br1 1.868(2), C3–C5 1.436(3), C5–C6 1.188(3), C6–C7 1.432(3), average N–C 
1.393(6), N1–S1 1.6769(19), D1–Fe1 1.6433(4), D2–Fe1 1.6489(4), C4–N1–C1 109.56(18), 
C6–C5–C3 176.3(3), C5–C6–C7 177.7(2), D1–Fe1–D2 179.26(2), C1–N1–S1–C17 80.3(2), 
C7–D1–D2–C12 2.46(16) (D1 (and D3) denotes the centroid of C5H4; D2 (and D4) denotes 
the centroid of C5H5). 
 
The aromaticity of the pyrroles can be compared by calculating the τ-parameter, which de-
scribes the difference between carbon-carbon single and carbon-carbon double bonds (Ta-
ble D1). 
D9,D20
  
 
Table D1. τ-Parameters and selected bond distances (Å) of 2,3,4,5-tetraferrocenyl-N-phenyl-
pyrrole (TFP), for comparison and 3a,b, 4b, 5 and 7b. 
 
compd. τa N1−C1 N1−C4 C1−C2 C2−C3 C3−C4 
TFP 0.832 1.393(3) 1.394(3) 1.400(3) 1.435(3) 1.386(3) 
3a 0.678 1.374(5) 1.375(5) 1.375(5) 1.441(5) 1.370(5) 
3b 0.575 1.391(3) 1.387(3) 1.371(3) 1.458(3) 1.356(3) 
4b 0.628 1.384(3) 1.389(3) 1.370(3) 1.446(3) 1.367(3) 
5 0.757 1.424(4) 1.387(4) 1.378(5) 1.428(5)  1.352(5) 
7b 0.667 1.396(3) 1.389(3) 1.354(3) 1.436(3) 1.368(3) 
aτ(1H-pyrrole) = 0.830. D2,D20 
 
In comparison to tetra-ferrocenyl pyrrol
 D2
 (TFP) and unsubstituted 1H-pyrrole, which show 
high τ-parameters and thus a high aromaticity, D2,D20 all reported ferrocenyl(ethynyl)-
substituted molecules possess a larger bond length alternation (Table D1). For all newly pre-
pared compounds within this study the C1–C2 and C3–C4 distances are compared to TFP 
significantly decreased with exception for 3a (Table D1). Interestingly, the C2−C3 as well as 
the C−N distances are almost entirely not affected. Solely for unsymmetric 5 the C1−N1 bond 
length is increased, due to a steric interaction with the N-triisopropylsilyl moiety. 
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2.2 (Spectro)Electrochemical Studies 
The redox properties of 3a,b, 4a,b and 7b have been determined by CV, SWV (Figure D4) 
and in situ UV-Vis/near-IR and IR spectroscopy (Figure D5, Figures SI1 – SI5). Dichloro-
methane solutions containing the analyte (1.0 mmol·L
-1
) and [N
n
Bu4][B(C6F5)4] 
(0.1 mol·L
-1
)
 D9,D21-23,D25
 as supporting electrolyte were used. The data of the CV measure-
ments have been recorded at a scan rate of 100 mV·s
-1
 and are summarized in Table D2. All 
redox potentials are referenced to the FcH/FcH
+
 redox couple (E°′ = 0.00 mV, FcH = Fe(η5-
C5H5)2).
 D24 
 
Table D2. Cyclic voltammetry data of 3a,b, 4a,b and 7b.
a
  
compd. 
E°1 (mV)
b
 
(∆Ep (mV))
c
 
E°2 (mV)
b
 
(∆Ep (mV))
c
 
ΔE°′ (mV)d 
3a -150 (72) 135 (74) 285 
3b 40 (70) 295 (66) 255 
4a 105 (146) - 110
e
 
4b 140 (132) - 95
e
 
7b 80 (69) - - 
a
Potentials vs FcH/FcH
+
, scan rate 100 mV·s
-1
 at a glassy-carbon electrode of 1.0 mmol·L
-1
 solutions of the ana-
lytes in dichloromethane containing 0.1 mol·L
-1
 of [N
n
Bu
4
][B(C6F5)4] as supporting electrolyte at 25 °C. 
b
E°′ = 
formal potential. 
cΔEp = difference between the oxidation and the reduction potential. 
dΔE°′ = potential differ-
ence between the two ferrocenyl-related redox processes. 
e
Determined using deconvolution of the redox separa-
tion of the oxidation potentials in SWV (Figure D4) and the method of Richardson and Taube.
 D25
 
 
Figure D4 shows the cyclic and square wave voltammograms of 3a,b, 4a,b and 7b. For 
3a,b two reversible redox events corresponding to the two ferrocenyl sandwich units were 
detected. Due to the electron-withdrawing character of the tosyl substituent in 3b, the electron 
density in the pyrrole core is less than in 3a, which is reflected by the higher E°1 value (3a, –
150; 3b, 40 mV; Table D2). The lower electron density in the heterocyclic unit, when com-
pared with 3a, leads to a smaller redox separation (ΔE°′ = 255 mV) for 3b. A similar behavior 
has been observed for other ferrocenyl-functionalized 5-membered heterocycles. 
D6
 When the 
iron-iron distance is increased by additional -C≡C- linking units, as given in 4a,b, the redox 
separation decreases significantly. The cyclic voltammogram (Figure D4) shows two individ-
ual one-electron processes for the oxidation of both ferrocenyl termini, which take place in a 
close potential range. Considering the redox processes as single reversible wave, high ΔEp 
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values (4a, 146 mV; 4b, 132 mV) were determined, suggesting two individual one-electron 
events. The deconvolution of the square wave voltammograms gives a small redox separation 
of ΔE°′ = 110 mV (4a) and 95 mV (4b), respectively. Richardson and Taube presented anoth-
er method in which by calculation of the signal width at half of the maximum current within 
the square wave voltammogram the ΔE°′ value can be estimated. D25 The application of both 
methods, gives similar redox splittings between the individual ferrocenyl-related oxidation 
processes. As expected, complex 7b shows only one reversible redox process at E°1 = 80 mV 
for the oxidation of the single metal center.  
 
 
Figure D4. Voltammograms of dichloromethane solutions containing 1.0 mmol·L-1 of 3a,b, 
4a,b and 7b at 25 °C. Supporting electrolyte [N(
n
Bu)4][B(C6F5)4] (0.1 mol·L
-1
). Left: Cyclic 
voltammograms (scan rate: 100 mV·s
-1
). Right: Square-wave voltammograms (scan rate: 
1 mV·s
-1
). 
 
Comparison of 3a with 2,5-diferrocenyl-N-phenyl pyrrole
 D6,D9
 (ΔE°′ = 450 mV, 
[N(
n
Bu)4][B(C6F5)4] as supporting electrolyte) indicates that the position of the ferrocenyl 
substituents at the five-membered heterocyclic core has a strong influence on the redox sepa-
ration and electronic coupling, respectively. Due to the ferrocenyls in position 3 and 4 (3a), an 
oxidation of the ferrocenyl ligands at more anodic potentials is typical. The redox separation 
itself can be divided into different contributing factors; the electrostatic contribution (ΔEe), 
the synergistic contribution (ΔEs), the statistical contribution (36 mV) and the contribution 
caused by resonance stabilization (ΔEr) of which only the latter is related to electron transfer 
interactions (Equation D1). 
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
50 µA
Potential (V) vs FcH/FcH
+
ia
ic
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
Potential (V) vs FcH/FcH
+
3a
3b
4b
7b
4a
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    ΔE°′ = ΔEe + ΔEs + 36 mV + ΔEr     (D1)  
 
For a series of 2,5-diferrocenyl functionalized five-membered heterocycles
 D2,D6
 it could be 
shown that under the applied measurement conditions the sum of the electrostatic contribution 
(ΔEe), the synergistic contribution (ΔEs) and the statistical contribution (36 mV) has been 
determined to 209 mV, while the resonance stabilization energy depends on the corresponding 
heterocycle. 
D6
 It can be assumed that within the five-membered heterocyclic molecules with 
ferrocenyl groups in 3,4-position, the electrostatic contribution is larger than for the appropri-
ate 2,5-isomers, due to the spatial proximity of the redox-active termini. On the example of 
diferrocenyl thiophenes (2,5- and 3,4-position) it was shown that the larger electrostatic term 
partially compensates the lower resonance stabilization resulting in similar ΔE°′ values for 
both isomers (3,4-diferrocenyl thiophene, ΔE°′ = 244 mV; 2,5-diferrocenyl thiophene, ΔE°′ = 
260 mV).
 D6,D11
 Nevertheless, the electron transfer interaction observed within the 2,5-
diferrocenyl-N-phenyl pyrrole is much larger, when compared with the respective thiophene 
analog.
 D2
 The drop within the redox separation from 450 mV for the 2,5-isomer towards 285 
mV for the 3,4-isomer (3a) (Figure D4) emphasizes that the electronic interaction also de-
creases by a great amount. 
Using only electrochemical measurements, it cannot be estimated if electron transfer is pre-
sent in the mixed-valent molecules 3a,b
+
 and 4a,b
+
 or the redox splitting is caused solely by 
electrostatic repulsion of the individual ferrocenium units. To get a deeper insight into the 
electronic properties of the individual oxidation states of the latter compounds, in situ spec-
troelectrochemical UV-Vis/near-IR and IR measurements have been carried out. Spectroelec-
trochemical studies were performed by a stepwise increase of the potential (step heights: 15, 
25, 50 or 100 mV) from -200 to 1000 mV vs Ag/AgCl in an OTTLE (Optically Transparent 
Thin-Layer Electrochemistry) cell
 D26
 using dichloromethane solutions of 3a,b and 4a,b 
(0.005 mol·L
-1
) containing [N
n
Bu4][B(C6F5)4] (0.1 mol·L
-1
) as electrolyte at 25 °C. During 
this procedure 3a,b and 4a,b were oxidized to the mixed-valent species 3a,b
+
 and 4a,b
+
 and 
finally to dicationic 3a,b
2+
 and 4a,b
2+
, respectively (Figure D5 and Figures SI1 – SI5). 
For 3a, within successive oxidation, increasing absorptions at the edge of the UV-Vis 
(980 nm) and near-IR (2310 nm) region could be observed, which can be assigned to LMCT 
(Ligand-to-Metal Charge Transfer), involving the pyrrolic spacer unit, 
D21
 and LF (Ligand-
Field) transitions (Figure D5). The forbidden metal-centered ligand field (LF) electronic tran-
sition occurs usually at ca. 4000 cm
-1
 with a very low intensity (generally close to 
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100 L·mol
-1
·cm
-1
) (Figure D5).
 D27,D28
 The LMCT and LF transition can be described very 
well by Gaussian-shaped functions, using the method of deconvolution (Figure D5). Consid-
ering that the experimental graph is described by two Gauss functions (Table D3), the extinc-
tion should tend to zero in the region between 5000 and 7000 cm
-1
. However, the experi-
mental curve has an extinction of εmax = 95 L·mol
-1
·cm
-1
 within this part, which prompted us 
to apply a third Gaussian shaped function to the simulation. 
 
 
Figure D5. UV-Vis/near-IR spectra of 3a at rising potentials vs Ag/AgCl: –200 – 300 mV 
(left), 300 – 1000 mV (right). Inlet: deconvolution of the near-IR absorptions at 300 mV of in 
situ generated 3a
+
 using three Gaussian-shaped bands. Measurement conditions: 25 °C, di-
chloromethane, 0.1 mol·L
-1
 [N
n
Bu4][B(C6F5)4] as supporting electrolyte. 
 
The new band shows typical characteristics of an IVCT (Inter-Valence Charge Transfer) 
transition for the mixed-valent species 3a
+
 with a very small extinction 
(εmax = 95 L·mol
-1
·cm
-1
, νmax = 6285 cm
–1
, ∆ν1/2 = 4165 cm
-1
). The obtained values should be 
handled with care as the simulation of this band is solely based on the extinction within this 
region, which causes especially the ∆ν1/2 to be susceptible for errors. The band-shape analysis 
of the absorption in the near-IR region of compound 3b leads to a very broad IVCT band with 
low intensity (Table D3, Figure SI1). Nevertheless, the predictions of small intramolecular 
interactions in 3a,b discussed within the electrochemical part (vide supra) are validated with 
these results. A low contribution of resonance stabilization energy causes a small and broad 
IVCT excitation. With this considerations 3,4-diferrocenyl-N-phenyl pyrrole (3a) and 3,4-
diferrocenyl-N-tosyl pyrrole (3b) could be classified as a weak coupled class II systems ac-
cording to Robin and Day.
 D29
 Hence spectroelectrochemical investigations show the influ-
ence of the position of ferrocenyl groups on the inter-valence charge transfer through the N-
phenyl pyrrole demonstrating that the 2,5-postion is more suitable to facilitate electron trans-
fer.
 D24,D28,D30  
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Table D3. Near-IR data of 3a
+
 and 3b
+
.
a
 
compound transition 
νmax 
(cm
-1
) 
εmax 
(L·mol
-1
·cm
-1
) 
∆ν1/2 
(cm
-1
) 
3a+ 
LF
b
 
IVCT 
LMCT 
4290 
6285 
10090 
100 
95 
1620 
1025 
4165 
2270 
3b+ 
LF
b
 
IVCT 
LMCT 
4170 
7210 
11720 
65 
65 
680 
2255 
4115 
2615 
a
In dry dichloromethane containing 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte at 25 °C. 
b
Lig-
and field transition. 
 
Molecules 4a,b show similar, but weaker absorptions for the LMCT (4a, 970; 4b, 860 nm) 
and LF (4a, 2425; 4b, 2500 nm) transitions (Figures SI2 – SI3). The absorptions in the UV-
Vis region (250 – 750 nm) include the π-π* of the pyrrole as well as the d-d transitions of the 
Fc substituents.
 D31
 With the deconvolution method no IVCT transitions could be found. The 
additional -C≡C- spacer unit between the Fc and the pyrrole do not permit an electron transfer 
between the two metals over the pyrrole core in the mixed-valent species in 4a,b. With the 
spectroelectrochemical investigations the results of the electrochemical measurements are 
confirmed and the redox separations (4a, ΔE°′ = 110; 4b, ΔE°′ = 95 mV) are mainly caused 
by synergistic and statistical contributions as well as electrostatic repulsion. Hence 4a,b can 
be assigned to class I systems according to Robin and Day.
 D29
  
 
Table D4. Spectroelectrochemical IR data for 4a
n+
 and 4b
n+
 (n = 0, 1, 2). 
Compd. 
νC≡C (cm
-1
) 
(n = 0)
a
 
νC≡C (cm
-1
) 
(n = 1) 
νC≡C (cm-1) 
(n = 2) 
4a
n+
 2208 2195 2175 
4b
n+
 2215 - 2208 
a
Data collected from IR measurements (KBr) at ambient temperature.  
 
The -C≡C- units in 4a and 4b allow further investigations using in situ IR spectroelectro-
chemistry. While measurements in KBr revealed weak -C≡C- stretching vibrations at 2208 
(4a) and 2215 cm
-1
 (4b), the less sensitive measurement conditions within an OTTLE cell
 D30
 
did not grand the detection of these bands. During the oxidation process of 4a (from –200 to 
575 mV) the characteristic ν(C≡C) vibration develops at 2195 cm
–1
 due to the in situ generation 
of mixed-valent 4a
+
 (Table D4, Figure SI4). The intensity of this absorption decreases upon 
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further oxidation (4a
+
 → 4a2+) and is shifted to 2175 cm–1. Within the successive oxidation of 
4b an IR band at 2208 cm
–1
 could be observed. With rising potential a gradual increase of the 
intensity of this band is found, which is attributed to the low thermal stability of 4b
+
 resulting 
in the successive formation of 4b
2+
. These results correspond well with the UV-Vis/near-IR 
measurements as they underpin the difference in the stability of 4a
+
 and 4b
+
, respectively. 
 
 
3. Conclusion 
The 3,4-ferrocenylpyrroles 3,4-Fc2-
c
C4H2NR (Fc = Fe(η
5
-C5H4)(η
5
-C5H5); 3a, R = Ph; 3b, 
R = SO2-4-MeC6H4 (Ts); 3c, R = Si
i
Pr3) and the 3,4-bis(ferrocenylethynyl)pyrroles 3,4-
(FcC≡C)2-
c
C4H2NR (4a, R = Ph; 4b, R = Ts) were synthesized from the corresponding di-
bromo species 3,4-Br2-
c
C4H2NR (2a, R = Ph; 2b, R = Ts; 2c, R = Si
i
Pr3) using either Negishi 
(using FcZnCl chloride as reagent), or Sonogashira (with FcC≡CH) C,C cross-coupling pro-
tocols. The structures of 3a,b, 4b, 5 and 7b in the solid state were determined by single-
crystal X-ray structure analysis. In contrast to un-substituted pyrroles, 2,5-substituted and 
oligo-pyrroles,
 D2,D21
 the newly synthesized 3,4-diferrocenyl- and 3,4-diferrocenylethynyl pyr-
roles showed a low degree of delocalization between the formal C,C double and C,C single 
bonds. The redox properties of 3a,b, 4a,b and 7b using different (spectro)electrochemical 
methods were studied. While the difference in the redox splitting between the appropriate 2,5- 
and 3,4-isomers is quite low for diferrocenyl thiophenes (2,5-isomer, 260 mV; 3,4-isomer, 
244 mV),
 D6,D11
 within the appropriate diferrocenyl pyrroles the ΔE°′ values are highly de-
pendent on the substitution pattern (2,5-isomer, 450 mV; 3,4-isomer, 285 mV). Furthermore, 
the substituent on the nitrogen atom also influences ΔE°′, as the electron withdrawing tosyl 
functionality leads to a decreased redox splitting of 255 mV. Spectroelectrochemical investi-
gation on 3a,b and 4a,b showed that intervalence charge transfer is only observed for 3a,b 
allowing its classification as class II system while 4a,b can be assigned to class I systems ac-
cording to Robin and Day.
 D29 
 
4. Experimental Section 
4.1 General conditions 
All reactions were carried out under an atmosphere of nitrogen using standard Schlenk 
techniques. Tetrahydrofuran and 
n
hexane were purified by distillation from sodi-
um/benzophenone ketyl; diethyl ether was purified by distillation from sodium; dichloro-
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methane, N,N-dimethylformamide, N,N-diisopropylamine and acetonitrile were purified by 
distillation from calcium hydride. 
 
4.2 Reagents 
n
BuLi (2.5 M solution in 
n
hexane), 
t
BuLi (1.6 M solution in 
n
pentane), triisopropylsilylchlo-
ride, ferrocene, KO
t
Bu, N-phenylpyrrole, N-bromosuccinimide, 4-methylbenzenesulfonic 
acid, 4-methylbenzenesulfonyl chloride, triphenylphosphane and copper(I)iodide were pur-
chased from commercial suppliers and used without further purification. Ethynylferro-
cene, 
D32
 1-tosyl-1H-pyrrole (1b),
 D33
 N-TIPS-pyrrole (1c),
 D12]
 3,4-dibromo-N-phenylpyrrole 
(2a), 
D13
 2,5-dibrom-N-phenyl-pyrrole (6a)
 D34
 and [N(
n
Bu)4][B(C6F5)4],
 D22
 were prepared 
according to published procedures. [ZnCl2·2thf] was obtained by drying ZnCl2 with thionyl 
dichloride and addition of tetrahydrofuran. The palladium catalyst 
[Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 was synthesized according to Clark et al.
 D35
 and 
[PdCl2(PPh3)2] was synthesized according to Miyaura et al.
 D36 
 
4.3 Instruments 
1
H NMR (500.3 MHz), 
13
C{
1
H} NMR (125.8 MHz) and 
29
Si{
1
H} NMR (99.4 MHz) spectra 
were recorded with a Bruker Avance III 500 spectrometer operating at 298 K in the Fourier 
transform mode. Chemical shifts are reported in δ (parts per million) using deuterated solvent 
residues as internal standard (chloroform-d1: 
1
H at 7.26 ppm and 
13
C{
1
H} at 77.00 ppm). In-
frared spectra were recorded with a FT-IR Nicolet IR 200 instrument. The melting points of 
analytical pure samples (sealed off in nitrogen-purged capillaries) were determined using a 
Gallenkamp MFB 595 010 M melting point apparatus. Microanalyses were performed with a 
Thermo FLASHEA 1112 Series instrument. Spectroelectrochemical measurements were car-
ried out in an OTTLE (Optically Transparent Thin-Layer Electrochemistry) cell
 D26
 (quartz 
windows for UV-Vis/near-IR; CaF2 windows for IR) from dichloromethane solutions contain-
ing 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte using a Varian Cary 5000 
spectrometer. High-resolution mass spectra were performed using a micrOTOF QII Bruker 
Daltonite workstation. 
 
4.4 Electrochemistry 
Measurements on 1.0 mmol·L
-1
 solutions of the analytes in dry air free dichloromethane 
containing 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte were conducted under a 
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blanket of purified argon at 25 °C utilizing a Radiometer Voltalap PGZ 100 electrochemical 
workstation interfaced with a personal computer. A three electrode cell, which utilized a Pt 
auxiliary electrode, a glassy carbon working electrode (surface area 0.031 cm
2
) and an 
Ag/Ag
+
 (0.01 mol·L
-1
 [AgNO3]) reference electrode mounted on a Luggin capillary was used. 
The working electrode was pretreated by polishing on a Buehler microcloth first with a 1 μm 
and then with a 1/4 μm diamond paste. The reference electrode was constructed from a silver 
wire inserted into a solution of 0.01 mol·L
-1
 [AgNO3] and 0.1 mol·L
-1
 [N
n
Bu4][B(C6F5)4] in 
acetonitrile in a Luggin capillary with a Vycor tip. This Luggin capillary was inserted into a 
second Luggin capillary with a Vycor tip filled with a 0.1 mol·L
-1
 [N
n
Bu4][B(C6F5)4] solution 
in dichloromethane.
 D9,D23
 Successive experiments under the same experimental conditions 
showed that all formal reduction and oxidation potentials were reproducible within ±5 mV. 
Experimentally potentials were referenced against an Ag/Ag
+
 reference electrode but results 
are presented referenced against ferrocene as an internal standard as required by IUPAC.
 D24
 
When decamethylferrocene was used as an internal standard, the experimentally measured 
potential was converted into E°′ vs FcH/FcH+ by addition of -0.61 V. D37 Data were then ma-
nipulated on a Microsoft Excel worksheet to set the formal reduction potentials of the 
FcH/FcH
+
 couple to E°′ = 0.0 V. The cyclic voltammograms were taken after typical two 
scans and are considered to be steady state cyclic voltammograms in which the event pattern 
differs not from the initial sweep. To demonstrate, that the compounds undergo no electro-
chemically induced polymerization reaction during the (spectro)electrochemical measure-
ments, of 3a has been recorded 20 cycles (Figure SI6).  
 
4.5 Single-Crystal X-ray Diffraction Analysis 
Data were collected with an Oxford Gemini S diffractometer using graphite-
monochromatized Mo-Kα radiation (λ = 0.71073 Å) (2b, 2c, 3b, 4b, 5 and 7b) or Cu-Kα radia-
tion (λ = 1.54184 Å) (3a). The molecular structures were solved by direct methods using 
SHELXS-97
 D38
 and refined by full-matrix least-squares procedures on F
2
 using SHELXL-
97.
 D39
 All non-hydrogen atoms were refined anisotropically and a riding model was em-
ployed in the treatment of the hydrogen atom positions.  
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4.6 Synthesis and crystal data of reactants 1b, 2b and 2c 
4.6.1 1-Tosyl-1H-pyrrole (1b) 
The title compound was synthesized according to literature methods.
 D12
 Complementary to 
the physical data published there, we here add the following crystal data: Suitable single crys-
tals of 1b were obtained by diffusion of methanol into a dichloromethane solution containing 
1b at ambient temperature. C11H11NO2S, Mr = 221.27 g·mol
-1
, crystal dimension 0.40 x 0.20 x 
0.08 mm, orthorhombic, Pna21, λ = 0.71073 Å, a = 19.8405(8) Å, b = 7.5428(3) Å, 
c = 28.2109(10) Å, V = 4221.8(3) Å
3
, Z = 16, ρcalcd = 1.392 g·cm
-3
, μ = 0.284 mm-1, 
T = 100(2) K, Θ range = 2.98–25.50 °, reflections collected 26192, independent 7587 
(Rint = 0.0647), R1 = 0.0412, wR2 = 0.0710 [I ≥ 2σ(I)].  
 
4.6.2 3,4-Dibrom-1-tosyl-1H-pyrrole (2b) 
Molecule 2b was synthesized according to reference
 D12
 with following details: To an acetic 
acid solution (200 mL) of 1b (13.5 g, 0.06 mmol) a solution of bromine (7.4 mL, 0.14 mol) in 
acetic acid (80 mL) was added over 30 min. The mixture was heated to reflux for 90 min. 
After all volatiles were removed under reduced pressure, a dark oil was obtained, which was 
filtered through silica using dichloromethane as the eluent. Afterwards, all volatiles were re-
moved in vacuum and a dark solid was obtained. This was further purified by column chro-
matography (column size: 4 x 14 cm, silica) using a 
n
hexane/toluene mixture of ratio 3:1 (v/v) 
as eluent (Rf = 0.32). The analytical data are in agreement with the data given in reference.
 D12
 
Yield: 4.93 g (13.0 mmol, 21% based on 1b). 
1
H NMR (CDCl3, δ): 2.44 (s, 3 H, CH3), 7.18 (s, 
2 H, H-2/5), 7.30–7.36 (m, 2 H, C6H4/o-CH3), 7.75–7.77 (m, 2 H, C6H4/m-CH3). 
13
C{
1
H} 
NMR (CDCl3, δ): 21.7 (CH3), 105.3 (C-3/4), 120.0 (C-2/5), 127.2 (C6H4/m-CH3), 130.3 
(C6H4/o-CH3), 134.9 (C–S), 146.0 (C–CH3).  
 
4.6.3 Crystal data for 2b  
Suitable single crystals of 2b were obtained by diffusion of methanol into a dichloro-
methane solution containing 2b at ambient temperature. C11H9Br2NO2S, Mr = 379.07 g·mol
-1
, 
crystal dimension 0.45 x 0.35 x 0.35 mm, orthorhombic, P212121, λ = 0.71073 Å, 
a = 6.4496(3) Å, b = 13.3649(6) Å, c = 14.8341(6) Å, V = 1278.67(10) Å
3
, Z = 4, 
ρcalcd = 1.969 g·cm
-3
, μ = 6.491 mm-1, T = 100(2) K, Θ range = 3.14–25.49 °, reflections col-
lected 5039, independent 2327 (Rint = 0.0274), R1 = 0.0322, wR2 = 0.0738 [I ≥ 2σ(I)]. 
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4.6.4 3,4-Dibrom-1-(triisopropylsilyl)-1H-pyrrole (2c) 
The title compound was prepared according to reference
 D12
 with following details: Tetra-
hydrofuran was cooled to -80 °C and 1c (2.89 g, 12.9 mmol) was added in a single portion. In 
the absence of light, NBS (4.60 g, 25.8 mmol) was added in a single portion and the reaction 
mixture was stirred for 2 h at this temperature. After warming to ambient temperature, the 
solvent was removed under reduced pressure. Purification was realized by column chromatog-
raphy (column size: 4 x 17 cm, silica) in the absence of light using 
n
hexane as eluent to afford 
2c (Rf = 0.46) as a colourless oil. The analytical data are in agreement with the once given in 
reference.
 D12
 Yield: 3.97 g (10.4 mmol, 81% based on 1c). 
1
H NMR (CDCl3, δ): 1.09 (d, 
3
JH,H 
= 7.5 Hz, 18 H, CH3), 1.40 (sept, 
3
JH,H = 7.5 Hz, 3 H, CH), 6.72 (s, 2 H, H-2/5). 
13
C{
1
H} 
NMR (CDCl3, δ): 11.4 (CH), 17.6 (CH3), 101.0 (C-3/4), 123.7 (C-2/5). 
 
4.6.5 Crystal data for 2c 
Suitable single crystals of 2c were obtained by cooling a 
n
hexane solution containing 2c 
to -30 °C. C13H23Br2NSi, Mr = 381.23 g·mol
-1
, crystal dimension 0.40 x 0.30 x 0.20 mm, tri-
clinic, P–1, λ = 0.71073 Å, a = 8.5693(8) Å, b = 9.5882(12) Å, c = 10.6196(14) Å, 
α = 78.462(11) °, β = 79.889(10) °, γ = 71.630(10) °, V = 805.39(16) Å3, Z = 2, ρcalcd = 1.572 
g·cm
-3
, μ = 5.089 mm-1, T = 100(2) K, Θ range = 3.01–25.07 °, reflections collected 5480, 
independent 2830 (Rint = 0.0266), R1 = 0.0443, wR2 = 0.1170 [I ≥ 2σ(I)]. 
 
4.7 General procedure – Synthesis of 3,4-diferrocenyl pyrroles 3a,b and 5 
Ferrocene and KO
t
Bu (0.125 eq) were dissolved in 20 mL of tetrahydrofuran and the re-
spective solution was cooled to -80 °C. 
t
Butyllithium (2 eq, 1.6 M in 
n
pentane) was added 
drop-wise via a syringe and the reaction solution was stirred for 1 h. Afterwards, [ZnCl2·2thf] 
(1 eq) was added in a single portion. The reaction mixture was stirred for additional 30 min at 
0 °C. Afterwards, 0.25 mol-% of [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 and the bromo pyrroles 
2a–c were added in a single portion and stirring was continued overnight at 60–70 °C. The 
crude product was worked-up by column chromatography with either silica or alumina using 
different solvent mixtures (see below). All volatiles were removed under reduced pressure. 
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4.7.1 3,4-Diferrocenyl-N-phenyl-pyrrole (3a) 
Ferrocene (0.278 g, 1.49 mmol), 0.125 eq of KO
t
Bu (22.6 mg, 0.2 mmol), 2 eq of 
t
butyllith-
ium (1.86 mL, 2.98 mmol), 1.0 eq of [ZnCl2·2thf] (0.42 mg, 1.49 mmol), 1/3 eq of 3,4-
dibromo-N-phenyl-pyrrole (2a) (0.15 g, 0.5 mmol) and 0.25 mol-% of 
[Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 (0.85 mg, 0.001 mmol) were reacted. As eluent for col-
umn chromatography (column size: 1.5 x 10 cm; alumina, pre-treated with triethyl amine) a 
n
hexane/diethyl ether mixture of ratio 10:1 (v/v) was used. Compound 3a was obtained as a 
pale orange solid. Yield: 0.111 g (0.217 mmol, 87 % based on 2a). Anal. Calcd. for 
C30H25NFe2 (511.22 g/mol): C, 70.48; H, 4.93; N, 2.74; found: C, 70.54; H, 4.91; N, 2.71. 
Mp.: 183 °C. 
1
H NMR (CDCl3, δ): 4.09 (s, 10 H, C5H5), 4.18 (pt, JHH = 1.8 Hz , 4 H, C5H4), 
4.33 (pt, JHH = 1.8 Hz, 4 H, C5H4), 7.18 (s, 2 H, H-2/5), 7.19 (m, 1 H, p-C6H5), 7.47 (m, 4 H, 
C6H5). 
13
C{
1
H} NMR (CDCl3, δ): 67.48 (C5H4), 69.21 (C5H4), 69.34 (C5H5), 81.83 (Ci-C5H4), 
118.24 (C-2/5), 120.13 (C6H5), 122.80 (C-3/4), 125.62 (C6H5), 129.80 (C6H5), 140.59 (Ci-
C6H5). IR (KBr, ν/cm
–1
): 757 (s, δo.o.p. =C-H), 1065 (m, νC–N), 1498 (s, νC=C), 1595 (m, νC=C), 
3091 (w, ν=C–H). HR-MS (ESI-TOF, m/z): calcd. for C30H25NFe2: 511.0681, found: 511.0691 
[M]
+
.  
 
4.7.2 Crystal data for 3a 
Single crystals of 3a were obtained by diffusion of toluene into a dichloromethane solution 
containing 3a at 25 °C. C30H25Fe2N, Mr = 511.21 g·mol
-1
, crystal dimension 0.28 x 0.12 x 
0.03 mm, monoclinic, P2/c, λ = 1.54184 Å, a = 26.7104(16) Å, b = 6.1920(4) Å, 
c = 27.9684(14) Å, β = 108.587(6) °, V = 4384.4(4) Å3, Z = 8, ρcalcd = 1.549 g·cm
-3
, 
μ = 10.745 mm-1, T = 100 K, Θ range = 3.23–64.08 °, reflections collected 13430, independ-
ent 7109 (Rint = 0.0419), R1 = 0.0513, wR2 = 0.1251 [I ≥ 2σ(I)].  
 
4.7.3 3,4-Diferrocenyl-1-tosyl-1H-pyrrole (3b) 
Ferrocene (2.5 g, 13.2 mmol), 0.125 eq of KO
t
Bu (59 mg, 0.53 mmol), 2 eq of 
t
butyllithium 
(16.5 mL, 26.4 mmol), 1.0 eq of [ZnCl2·2thf] (3.7 g, 13.2 mmol), 1/3 eq of 3,4-dibromo-N-
tosyl-pyrrole (2b) (2.00 g, 5.28 mmol) and 1 mol-% [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 (36 
mg, 0.05 mmol) were reacted. As eluent for column chromatography (column size: 4 x 16 cm, 
alumina) a 
n
hexane/toluene mixture of ratio 4:1 (v/v) was used. Compound 3b was obtained as 
an orange solid. Yield: 0.530 g (0.90 mmol, 17 % based on 2b). Anal. calcd. for 
C31H27Fe2NO2S (589.31 g/mol): C, 63.18; H, 4.62; N 2.38. Found: C, 63.23; H, 4.71; N 2.40. 
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Mp.: 214 °C. 
1
H NMR (CDCl3, δ): 2.42 (s, 3 H, CH3), 4.07 (s, 10 H, C5H5), 4.23 (m, 4 H, 
C5H4), 4.33 (m, 4 H, C5H4), 7.12 (s, 2 H, H-2/5), 7.33–7.35 (m, 2 H, C6H4/o-CH3), 7.81–7.82 
(m, 2 H, C6H4/m-CH3). 
13
C{
1
H} NMR (CDCl3, δ): 21.6 (CH3), 67.9 (C5H4), 69.3 (C5H4), 69.5 
(C5H5), 79.6 (Ci-C5H4), 118.8 (C-2/5), 126.6 (C-3/4), 126.8 (C6H4/m-CH3), 130.0 (C6H4/o-
CH3), 136.1 (C-S), 145.0 (C-CH3). IR (KBr, ν/cm
–1
): 3091 (w, ν=C–H), 2921 (w, 
asνCH3), 2848 
(w, 
sνCH3), 1596 (w), 1492 (w), 1441 (w), 1411 (w), 1370 (s, 
asνSO2), 1300 (m), 1257 (w), 1187 
(w), 1172 (s, 
sνSO2), 1124 (m), 1106 (w), 1090 (w), 1070 (m), 1060 (m), 1001 (w), 968 (w), 
889 (w), 816 (m, δFc–H), 806 (m), 781 (m), 702 (w), 673 (m), 610 (m), 587 (m), 539 (m). 
UV/Vis (CHCl3, λ/nm (lg ε)): 230 (4.61), 336 (3.19), 446 (2.65). HR-MS (ESI-TOF, m/z): 
calcd. for C31H28Fe2NO2S: 589.0427, found: 590.0466 [M+H]
+
.  
 
4.7.4 Crystal data for 3b 
Suitable single crystals of 3b were obtained by diffusion of methanol into a dichloro-
methane solution containing 3b at ambient temperature. C31H27Fe2NO2S, 
Mr = 589.30 g·mol
-1
, crystal dimension 0.40 x 0.40 x 0.40 mm, triclinic, P–1, λ = 0.71073 Å, 
a = 10.4805(9) Å, b = 10.7282(11) Å, c = 12.1127(16) Å, α = 103.238(10) °, β = 92.251(9) °, 
γ = 108.304(9) °, V = 1249.5(2) Å3, Z = 2, ρcalcd = 1.566 g·cm
-3
, μ = 1.276 mm-1, T = 100(2) K, 
Θ range = 3.02–25.50 °, reflections collected 8015, independent 4620 (Rint = 0.0279), 
R1 = 0.0345, wR2 = 0.0800 [I ≥ 2σ(I)]. 
 
4.7.5 2,3-Diferrocenyl-N-phenyl-pyrrole (5) 
Ferrocene (1.72 g, 9.1 mmol), 0.125 eq of KO
t
Bu (127 mg, 1.14 mmol), 2 eq of 
t
butyllithi-
um (6.0 mL, 9.6 mmol), 1.0 eq of [ZnCl2·2thf] (2.55 g, 9.1 mmol), 1/3 eq of 3,4-dibromo-N-
tosyl-pyrrole (2b) (1.000 g, 3.05 mmol) and [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 (68 mg, 0.1 
mmol) were reacted. Compound 5 was obtained by crystallization from a chloroform solution 
containing 5, whereby a few single crystals formed. HR-MS (ESI-TOF, m/z): calcd. for 
C33H41Fe2NSi: 591.1703, found: 591.1654 [M]
+
. 
 
4.7.6 Crystal data for 5 
Suitable single crystals of 5 were obtained by slow evaporation of chloroform solution con-
taining 5 at ambient temperature. C33H41Fe2NSi, Mr = 591.46 g·mol
-1
, crystal dimension 0.30 
x 0.20 x 0.20 mm, monoclinic, P21/n, λ = 0.71073 Å, a = 22.5202(8) Å, b = 10.9924(3) Å, 
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c = 34.3380(12) Å, β = 94.221(3) °, V = 8477.3(5) Å3, Z = 12, ρcalcd = 1.390 g·cm
-3
, 
μ = 1.092 mm-1, T = 100(3) K, Θ range = 3.10–25.25 °, reflections collected 41621, independ-
ent 15292 (Rint = 0.0477), R1 = 0.0591, wR2 = 0.1530 [I ≥ 2σ(I)]. 
 
4.8 General procedure for the synthesis of 4a,b and 7a,b 
For the Sonogashira C,C cross-coupling reactions 6 mol-% of [CuI] and 1 mol-% of 
[PdCl2(PPh3)2] were dissolved in NH
i
Pr2 (60 mL) and the reaction mixture was stirred for 10 
min. The orange solution was treated with 1 eq of 2,5-Br2-
c
C4H2NR (2a, R= Ph; 2b,  R= SO2-
4-MeC6H4), 2.1 eq of ethynylferrocene and 6 mol-% of triphenylphosphane and was heated to 
reflux overnight. The reaction mixture was cooled to ambient temperature and all volatiles 
were removed in an oil pump vacuum. The residue was washed with diethyl ether and the 
solution was filtered through a pad of Celite to remove the ammonium salt. The celite was 
washed with diethyl ether until the solvent was colorless. The orange filtrate was concentrated 
and purified by column chromatography using either silica or alumina and different solvent 
mixtures (see below). All volatiles were removed under reduced pressure.  
 
4.8.1 Data for 3,4-bis(ferrocenylethynyl)-N-phenyl-pyrrole (4a) and 3-bromo-4-
ferrocenylethynyl-N-phenyl-pyrrole (7a) 
3,4-Dibromo-N-phenyl pyrrole (2a) (352 mg, 1.17 mmol), [CuI] (14 mg, 0.07 mmol), 
[PdCl2(PPh3)2] (8.4 mg, 0.012 mmol), PPh3 (18.4 mg, 0.07 mmol) and 2.1 eq of FcC≡CH 
(517 mg, 2.46 mol) were reacted. As eluent for column chromatography (column size 4 x 14 
cm, alumina) a 
n
hexane / diethyl ether mixture of ratio 10:1 (v/v) was used to eluate 7a, while 
with a ratio of 2:1 (v/v) compound 4a could be eluted as an orange band. After removal of all 
volatiles in vacuum compound 4a could be obtained as orange solid, while 7a was isolated as 
an red oil. 
Compound 4a: Yield: 0.177 g (0.316 mmol, 27 % based on 2a). Mp.: 145 °C. 
1
H NMR 
(CDCl3, δ): 4.09 (s, 10 H, C5H5), 4.18 (pt, JHH = 1.8 Hz , 4 H, C5H4), 4.33 (pt, JHH = 1.8 Hz, 4 
H, C5H4), 7.18 (s, 2 H, H-2/5), 7.19 (m, 1 H, p-C6H5), 7.47 (m, 4 H, C6H5). 
13
C{
1
H} NMR 
(CDCl3, δ): 66.09 (FcC≡C), 68.76 (C5H4), 70.26 (C5H5), 71.60 (C5H4), 78.74 (Ci-C5H4), 89.83 
(FcC≡C), 110.50 (C-3/4), 120.71 (C6H5), 122.55 (C-2/5), 126.75 (p-C6H5), 129.95 (C6H5), 
139.75 (Ci-C6H5). IR (KBr, ν/cm
–1
): 758 (s, δo.o.p. =C–H), 1062 (m, νC–N), 1504 (s, νC=C), 1598 
(m, νC=C), 2208 (w, νC≡C), 3091 (w, ν=C–H). HR-MS (ESI-TOF, m/z): calcd. for C34H25NFe2: 
559.0681, found: 559.0697 [M]
+
. 
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Compound 7a: Yield: 0.195 g (0.453 mmol, 39 % based on 2a). 
1
H NMR (CDCl3, δ): 4.23 
(pt, JHH = 1.9 Hz, 2 H, C5H4), 4.28 (s, 5 H, C5H5), 4.52 (pt, JHH = 1.9 Hz , 2 H, C5H4), 7.07 (d, 
4
JH2-H5 = 2.5 Hz, 1 H, H-2), 7.24 (d, 
4
JH5-H2 = 2.5 Hz, 1 H, H-5), 7.30-7.35 (m, 3 H, C6H5), 
7.45 (m, 2 H, C6H5). 
13
C{
1
H} NMR (CDCl3, δ): 65.62 (FcC≡C), 68.83 (C5H4), 70.21 (C5H5), 
71.66 (C5H4), 77.64 (Ci-C5H4), 90.44 (FcC≡C), 101.96 (C-4), 109.62 (C-3), 119.62 (C-5), 
126.83 (C-2), 120.57 (C6H5), 122.65 (p-C6H5), 129.94 (C6H5), 139.68 (Ci-C6H5). IR (NaCl, 
ν/cm–1): 758 (s, δo.o.p. =C–H), 1023 (m, νC–N), 1495 (s, νC=C), 1598 (m, νC=C), 2240 (w, νC≡C), 
3097 (w, ν=C–H). HR-MS (ESI-TOF, m/z): calcd. for C22H16NFeBr: 428.9812, found: 428.9798 
[M]
+
. 
 
4.8.2 Data for 3,4-bis(ferrocenylethynyl)-1-tosyl-1H-pyrrole (4b) and 3-Bromo-4-
(ferrocenylethynyl)-1-tosyl-1H-pyrrole (7b) 
3,4-Dibromo-N-tosyl pyrrole (2b) (860 mg, 2.27 mmol), [CuI] (27 mg, 0.14 mmol), 
[PdCl2(PPh3)2] (16.1 mg, 0.023 mmol), PPh3 (35.7 mg, 0.14 mmol) and 2.1 eq of FcC≡CH 
(1.00 g, 4.77 mol) were reacted. Purification was realized by column chromatography (col-
umn size 4 x 18 cm, alumina) using a 1:1 toluene / 
n
hexane mixture (v/v) as eluent to obtain 
1
st
 7b and 2
nd
 4b. After removal of all volatile materials, compounds 7b (Rf = 0.67) and 4b 
(Rf = 0.52) were isolated as orange solids. 
Compound 4b: Yield: 0.254 g (0.40 mmol, 18% based on 2b). Mp.: 183 °C. 
1
H NMR 
(CDCl3, δ): 2.43 (s, 3 H, CH3), 4.21 (pt, JH,H = 1.8 Hz, 4 H, C5H4), 4.23 (s, 10 H, C5H5), 4.48 
(pt, JH,H = 1.8 Hz, 4 H, C5H4), 7.27 (s, 2 H, H-2/5), 7.32–7.34 (m, 2 H, C6H4/o-CH3), 7.78–
7.80 (m, 2 H, C6H4/m-CH3). 
13
C{
1
H} NMR (CDCl3, δ): 21.7 (CH3), 64.8 (Ci-C5H4), 69.0 
(C5H4), 70.1 (C5H5), 71.5 (C5H4), 76.9 (FcC≡C), 91.4 (FcC≡C), 113.2 (C-3/4), 122.6 (C-2/5), 
127.2 (C6H4/m-CH3), 130.2 (C6H4/m-CH3), 135.2 (C-S), 145.7 (C-CH3). IR (NaCl, ν/cm
–1
): 
3140 (w, ν=C–H), 3094 (w, ν=C–H), 2964 (w, 
asνCH3), 2923 (w), 2853 (w, 
asνCH3), 2215 (m, νC≡C), 
1595 (w), 1448 (w), 1411 (w), 1378 (m, 
asνSO2), 1319 (m), 1286 (w), 1213 (w), 1190 (m), 
1173 (s, 
sνSO2), 1121 (w), 1105 (w), 1091 (m), 1065 (s), 1027 (m), 1002 (m), 966 (w), 926 
(w), 814 (s, δ=C–H), 761 (w), 702 (m), 671 (m), 585 (s), 534 (m). UV/Vis (CHCl3, λ/nm): 231, 
279, 445. HR-MS (ESI-TOF, m/z): calcd. for C35H27Fe2NO2S: 637.0457, found: 637.0477 
[M]
+
. 
Compound 7b: Yield: 0.300 g (0.59 mmol, 26% based on 2b). Mp.: 160 °C. 
1
H NMR 
(CDCl3, δ): 2.43 (s, 3 H, CH3), 4.23 (pt, JH,H = 1.8 Hz, 2 H, C5H4), 4.24 (s, 5 H, C5H5), 4.48 
(pt, JH,H = 1.8 Hz, 2 H, C5H4), 7.16 (d, JH,H = 2.5 Hz, 1 H, H-5), 7.28 (d, JH,H = 2.5 Hz, 1 H, 
H-2), 7.32–7.34 (m, 2 H, C6H4), 7.76–7.78 (m, 2 H, C6H4). 
13
C{
1
H} NMR (CDCl3, δ): 21.7 
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(CH3), 64.4 (Ci-C5H4), 68.9 (C5H4), 70.1 (C5H5), 71.6 (C5H4), 75.8 (FcC≡C), 92.3 (FcC≡C), 
105.3 (C-3), 112.9 (C-4), 119.7 (C-5), 122.8 (C-2), 127.2 (C6H4), 130.3 (C6H4), 135.1 (C-S), 
145.8 (C-CH3). IR (NaCl, ν/cm
–1
): 3138 (m, ν=C–H), 3095 (w, ν=C–H), 2955 (w, 
asνCH3), 2923 
(w), 2854 (w, 
sνCH3), 2223 (m, νC≡C), 1595 (m), 1555 (w), 1494 (w), 1448 (w), 1379 (s), 1309 
(s, 
asνSO2), 1217 (s), 1189 (s), 1174 (s, 
sνSO2), 1090 (w), 1074 (s), 1047 (m), 1020 (m), 1002 
(w), 960 (m), 916 (w), 813 (m, δ=C–H), 793 (m), 718 (w), 701 (w), 671 (s), 596 (s), 585 (m), 
536 (m). UV/Vis (CH2Cl2, λ/nm): 230, 265, 445. HR-MS (ESI-TOF, m/z): calcd. for 
C23H18BrFeNO2S: 506.9587, found: 506.9610 [M]
+
. 
 
4.8.3 Crystal data for 4b 
Suitable single crystals of 4b were obtained by diffusion of methanol into a dichloro-
methane solution containing 4b at ambient temperature. C35H27Fe2NO2S, Mr = 637.34 g·mol
-
1
, crystal dimension 0.40 x 0.35 x 0.35 mm, triclinic, P–1, λ = 0.71073 Å, a = 9.3833(5) Å, 
b = 10.7499(8) Å, c = 14.1386(7) Å, α = 78.728(5) °, β = 84.988(4) °, γ = 79.113(5) °, 
V = 1371.56(14) Å
3
, Z = 2, ρcalcd = 1.543 g·cm
-3
, μ = 1.169 mm-1, T = 100(2) K, 
Θ range = 2.94–25.50 °, reflections collected 8951, independent 5061 (Rint = 0.0200), 
R1 = 0.0291, wR2 = 0.0707 [I ≥ 2σ(I)]. 
 
4.8.4 Crystal data for 7b  
Suitable single crystals of 7b were obtained by diffusion of methanol into a dichloro-
methane solution containing 7b at ambient temperature. C23H18BrFeNO2S, Mr = 508.20 
g·mol
-1
, crystal dimension 0.50 x 0.40 x 0.35 mm, triclinic, P–1, λ = 0.71073 Å, 
a = 9.6481(12) Å, b = 11.0576(12) Å, c = 11.3090(14) Å, α = 76.213(10) °, β = 65.546(13) °, 
γ = 69.762(11) °, V = 1024.1(2) Å3, Z = 2, ρcalcd = 1.648 g·cm
-3
, μ = 2.809 mm-1, T = 100(2) K, 
Θ range = 3.52–25.49 °, reflections collected 6964, independent 3799 (Rint = 0.0244), 
R1 = 0.0277, wR2 = 0.0678 [I ≥ 2σ(I)].  
 
 
5. Acknowledgement 
The authors are grateful to the Fonds der Chemischen Industrie (FCI) for financial support. 
M. K. thanks the Fonds der Chemischen Industrie for a fellowship. Dipl.-Chem. Dieter 
Schaarschmidt is thanked for many fruitful discussions.  
 
KAPITEL D 
91 
6. Supporting Information 
Figures and CIF files giving additional experimental and crystallographic data. This materi-
al is available free of charge via the Internet at http://pubs.acs.org. Crystallographic data of 
3a,b, 5, 4b and 7b as well as 1b and 2b,c are available from the Cambridge Crystallographic 
Database as file numbers CCDC 967395 (2c), 967396 (5), 967397 (1b), 967398 (2b), 967399 
(3b), 967400 (7b), 967401 (4b) and 967402 (3a). 
 
7. References 
[D1] M. Iyoda, T. Kondo, T. Okabe, H. Matsuyama, S. Sasaki, Y. A. Kuwatani, Chem. Lett. 
1997 , 26, 35–36. 
[D2]  A. Hildebrandt, D. Schaarschmidt, R. Claus, H. Lang, Inorg. Chem. 2011, 50, 10623–
10632. 
[D3]  a) D. Miesel, A. Hildebrandt, M. Korb, P. J. Low, H. Lang, Organometallics 2013, 32, 
2993–3002; b) P. V. Solntsev, S. V. Dudkin, J. R. Sabin, V. N. Nemykin, Organome-
tallics, 2011, 30, 3037–3046; c) A. Hildebrandt, S. W. Lehrich, D. Schaarschmidt, R. 
Jaeschke, K. Schreiter, S. Spange, H. Lang, Eur. J. Inorg. Chem. 2012, 1114–1121. 
[D4]   K. Kaleta, A. Hildebrandt, F. Strehler, P. Arndt, H. Jiao, A. Spannenberg, H. Lang, U. 
Rosenthal, Angew. Chem. 2011, 123, 11444–11448, Angew. Chem. Int. Ed. 2011, 50, 
11248–11252. 
[D5]   K. Kaleta, F. Strehler, A. Hildebrandt, T. Beweries, P. Arndt, T. Rüffer, A. Spannen-
berg, H. Lang, U. Rosenthal, Chem. Eur. J. 2012, 18, 12672–12680. 
[D6]  A. Hildebrandt, H. Lang, Organometallics 2013, 32, 5640–5653. 
[D7]  a) S. C. Jones, S. Barlow, D. O’Hare, Chem. Eur. J. 2005, 11, 4473–4481; b) S. Bar-
low, D. O’Hare, Chem. Rev. 1997, 97, 637–670. I. M. Bruce, Coord. Chem. Rev. 1997, 
166, 91–119; c) M. Ratner, J. Jortner, Molecular Electronics; Blackwell Science: 
Malden, MA, 1997; d) M. K. Tour, Acc. Chem. Res. 2000, 33, 791–804; e) P. C. Colli-
er, W. E. Wong, M. Belohradsky, M. F. Raymo, F. J. Stoddart, J. P. Kuekes, S. R. 
Williams, R. J. Heath, Science 1999, 285, 391–394; f) R. L. Carroll, Ch. B. Gorman, 
Angew. Chem. Int. Ed. 2002, 114, 4556–4579; g) N. Robertson, C. A. McGowan, 
Chem. Soc. Rev. 2003, 32, 96–103. 
[D8]  A. Hildebrandt, T. Rüffer, E. Erasmus, J. C. Swarts, H. Lang, Organometallics 2010, 
29, 4900–4905. 
[D9]  A. Hildebrandt, D. Schaarschmidt, H. Lang, Organometallics 2011, 30, 556–563. 
KAPITEL D 
92 
[D10]  A. Hildebrandt, H. Lang, Dalton Trans. 2011, 40, 11831–11837. 
[D11]  J. M. Speck, R. Claus, A. Hildebrandt, T. Rüﬀer, E. Erasmus, L. van As, J. C. Swarts, 
H. Lang, Organometallics 2012, 31, 6373−6380. 
[D12]  a) B. L. Bray, P. H. Mathies, R. Naef, D. R. Solas, T. T. Tidwell, J. Org. Chem. 1990, 
55, 6317–6328; b) C. Zonta, F. Fabris, O. De Lucchi, Org. Lett. 2005, 7, 1003–1006.  
[D13]  D.-S. Choi, S. Huang, M. Huang, T. S. Barnard, R. D. Adams, J. M. Seminario, J. M. 
Tour, J. Org. Chem. 1998, 63, 2646–2655. 
[D14]  P. W. Shum, A. P. Koxikowski, Tetrahedron Lett. 1990, 31, 6785–6788. 
[D15]  a) S. Takahashi, Y. Kuroyama, K. Sonogashira, N. Hagihara, Synthesis 1980, 627–
629; b) K. Sonogashira, K. In Metal-catalyzed Cross-coupling Reactions, (Eds: F. 
Diederich, P. J. Stang), Wiley-VCH, Weinheim, 1998; c) K. Kobayashi, N. Kobayashi, 
J. Org. Chem. 2004, 69, 2487–2497. 
[D16]  a) T. Fukuda, E. Sudo, K. Shimokawa, M. Iwao, Tetrahedron 2008, 64, 328–338; b) 
V. Stockmann, K. L. Eriksen, A. Fiksdahl, Tetrahedron 2008, 64, 11180–11184; c) A. 
Fürstner, H. Krause, O. R. Thiel, Tetrahedron 2002, 58, 6373–6380; d) C. Zonta, F. 
Fabris, O. De Lucchi, Org. Lett. 2005, 7, 1003–6380. 
[D17]  a) S. Gronowitz, Chem. Heterocycl. Comp. 1994, 30, 1252–1283; b) S. Gronowitz, B. 
Holm, Acta Chem. Scand. B, 1976, 30, 505–511; c) N. Proust, M. F. Chellat, J. P. 
Stambuli, Synthesis 2011, 3083–3088; d) M. Schnürch, M. Spina, A. F. Khan, M. D. 
Mihovilovic, P. Stanetty, Chem. Soc. Rev. 2007, 36, 1046–1057; e) X. Wu, N.-A. 
Chen, L. Zhu, R. D. Rieke, Tetrahedron Lett. 1994, 35, 3673–3674; f) S. Gronowitz, 
B. Holm, Acta Chem. Scand. B 1976, 30, 505–511. 
[D18]  H. Günther, Angew. Chem. Int. ed. 1972, 11, 861–874. 
[D19] H. Günzler, H. Böck, IR-Spektroskopie, VCH-Weinheim, zweite überarb. Aufl., 1983. 
[D20]  The τ-parameter can be calculated as follows: τ = 1+[((dC–C/dC=C)–1)/(1–
(d
0
C-C/d
0
C=C))]; d
0
C-C = 1.54 Å; d
0
C=C  = 1.34 Å. 
[D21]  U. Pfaff, A. Hildebrandt, D. Schaarschmidt, T. Rüffer, P. J. Low, H. Lang, Organome-
tallics 2013, 32, 6106–6117. 
[D22]  For information concerning the use of [N
n
Bu4][B(C6F5)4] as supporting electrolyte see: 
a) R. J. LeSuer, C. Buttolph, W. E. Geiger, Anal. Chem. 2004, 76, 6395–401; b) F. 
Barrière, W. E. Geiger  J. Am. Chem. Soc. 2006, 128, 3980–3989. 
[D23]  For examples of the application of [N
n
Bu4][B(C6F5)4] as supporting electrolyte within 
electrochemical measurements see: a) H. J. Gericke, N. I. Barnard, E. Erasmus, J. C. 
Swarts, M. J. Cook, M. a. S. Aquino, Inorg. Chim. Acta 2010, 363, 2222–2232; b) E. 
KAPITEL D 
93 
Fourie, J. C. Swarts, D. Lorcy, N. Bellec, Inorg. Chem. 2010, 49, 952–959; c) J. C. 
Swarts, A. Nafady, J. H. Roudebush, S. Trupia, W. E. Geiger, Inorg. Chem. 2009, 48, 
2156–2165; d) D. Chong, J. Slote, W. E. Geiger, J. Electroanal. Chem. 2009, 630, 28–
34; e) V. N. Nemykin, G. T. Rohde, C. D. Barrett, R. G. Hadt, J. R. Sabin, G. Reina, P. 
Galloni, B. Floris  Inorg. Chem. 2010, 49, 7497–7509; f) V. N. Nemykin, G. T. Rohde, 
C. D. Barrett, R. G. Hadt, C. Bizzarri, P. Galloni, B. Floris, I. Nowik, R. H. Herber, A. 
G. Marrani, R. Zanoni, N. M. Loim, J. Am. Chem. Soc. 2009, 131, 14969–14978; g) U. 
Pfaff, A. Hildebrandt, D. Schaarschmidt, T. Hahn, S. Liebing, J. Kortus, H. Lang, Or-
ganometallics 2012, 31, 6761–6771.  
[D24]  G. Gritzner, J. Kuta, Pure Appl. Chem. 1984, 56, 461–466. 
[D25]  D. E. Richardson, H. Taube, Inorg. Chem. 1981, 20, 1278-1285. 
[D26]  M. Krejčik, M. Daněk, F. Hartl, J. Electroanal. Chem. 1991, 317, 179–187. 
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1. Introduction 
In the last decades, the research on “molecular wire molecules” within the field of organo-
metallic chemistry has become more and more intense, due to the increasing demand for min-
iaturization in microelectronics. It could be shown that compounds with π-conjugated sys-
tems, such as sp
2
- and sp-hybridized carbon chains like polyenes (-CH=CH-)n (n = 1-6) 
E1-E4
 
and polyynes (-C≡C-)n (n = 1-8) 
E5-E8
, which act as connecting units between two terminal 
redox-active groups, have great potential as components in molecular electronics. 
E1,E9-E12
 The 
electronic interaction between the respective termini is highly dependent on the number 
E8,E13,E14
 and variety 
E15-E20
 of the linking groups. The influence of the -C≡C- moiety as con-
necting unit within the mixed-valent systems on the electronic interactions has extensively 
been studied, 
E21-E24
 with ferrocenyl as redox-active terminal group, due to its excellent elec-
trochemical properties. 
E25, E26
  
In 1976 Cowan et al. 
E27
 described a series of diferrocenes containing (-C≡C-)n connectivi-
ties (n = 0, 1, 2) showing a decreasing redox separation in the mixed-valent species, which 
depends on the number of -C≡C- units present (n = 0, ΔE°′ = 350 mV; n = 1, ΔE°′ = 130 mV; 
n = 2, ΔE°′ = 100 mV; [NnBu4][BF4] as supporting electrolyte). Furthermore, the research 
groups of Lapinte, 
E28-E30
 Low 
E31
 and Bruce 
E8
 investigated homo-binuclear half-sandwich 
compounds of type [Cp*dppeM(-C≡C-)nMCp*dppe] (M = Fe, Ru, Os; dppe = 1,2-
bis(diphenylphosphino)ethane; n = 1, 2, …, 8). With an increasing number of ethynyl spacer 
units, and therefore a larger metal-metal distance, a smaller redox separation and a shift of the 
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redox processes for the terminal metal centers to anodic potentials was observed. This shows 
that the oxidation energy correlates with the length of the carbon chain.  
Besides the construction of long carbon chains, the -C≡C- moiety has been applied to con-
nect different aromatic backbone units with redox-active metal-containing groups in order to 
build up extended structures. 
E32-35
 In this respect, Justin and Lin have shown on the example 
of 2,3,4,5-tetra-ethynylferrocenyl thiophene that the ethynyl functionality suppresses the elec-
tronic coupling of the ferrocenyls through the heteroaromatic ring in the mixed-valent species. 
E36
 They found that all four ferrocenyls are oxidized simultaneously (E°1 = 148 mV, 
[N
n
Bu4][ClO4] as electrolyte). In contrast, 2,3,4,5-tetraferrocenyl thiophene possesses redox 
events corresponding to the individual metal center with relatively high redox separations 
(∆E°1 = 219 mV, ∆E°2 = 360 mV, ∆E°3 = 186 mV; [N
n
Bu4][B(C6F5)4] as electrolyte) in the 
mixed-valent state. 
E18
 
On a series of diferrocenyl heterocycles, including diferrocenyl thiophene, -furan, and -
pyrroles 
E18
 it was observed that the electronic nature of the heterocycle has a great effect on 
the electronic coupling of the ferrocenyl/ferrocenium termini. Within the here presented work, 
we aim to show how far the influence of the different heterocyclic unit is changed, when the 
distance between the heterocyclic backbone and the redox-active ferrocenyl groups is in-
creased by introducing ethynyl spacer units. Therefore, a series of 2,5-di(ethynylferrocenyl) 
heterocycles including thiophene, 
E36,E37
 furan, and N-phenyl pyrrole have been synthesized 
and characterized (spectro)electrochemically. 
 
2. Experimental Section 
2.1 General data  
All reactions were carried out under an atmosphere of nitrogen using standard Schlenk 
techniques. Tetrahydrofuran and n-hexane were purified by distillation from sodi-
um/benzophenone ketyl; diethyl ether was purified by distillation from sodium; dichloro-
methane, N,N-diisopropylamine and N,N-dimethylformamide were purified by distillation 
from calcium hydride. 
 
2.2 Reagents  
N-Phenylpyrrole, furan, N-bromosuccinimide, N-iodosuccinimide, 2,5-dibromo thiophene 
(1b), triphenylphosphane and copper(I)iodide were purchased from commercial suppliers and 
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used without further purification. Ethynylferrocene (2) 
E38
 and [N(
n
Bu)4][B(C6F5)4] 
E39,E40
 
were prepared according to published procedures. The palladium catalyst [PdCl2(PPh3)2] was 
synthesized according to Miyaura et al. 
E41
 
 
2.3 Instruments 
1
H NMR (500.3 MHz) and 
13
C{
1
H} NMR (125.8 MHz) spectra were recorded with a 
Bruker Avance III 500 spectrometer operating at 298 K in the Fourier transform mode. Chem-
ical shifts are reported in δ (parts per million) using deuterated solvent residues as internal 
standard (chloroform-d1: 
1
H at 7.26 ppm and 
13
C{
1
H} at 77.16 ppm). Infrared spectra were 
recorded using a FT-Nicolet IR 200 equipment. The melting points of analytical pure samples 
(sealed off in nitrogen-purged capillaries) were determined using an Gallenkamp MFB 595 
010 M melting point apparatus. Microanalyses were performed using a Thermo FLASHEA 
1112 Series instrument. High-resolution mass spectra were performed with a micrOTOF QII 
Bruker Daltonite workstation. 
 
2.4 Electrochemistry  
Measurements on 1.0 mmol·L
-1
 solutions of the analytes in dry air free dichloromethane 
containing 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte were conducted under a 
blanket of purified argon at 25 °C utilizing a Radiometer Voltalap PGZ 100 electrochemical 
workstation interfaced with a personal computer. A three electrode cell, which utilized a Pt 
auxiliary electrode, a glassy carbon working electrode (surface area 0.031 cm
2
), and an 
Ag/Ag
+
 (0.01 mol·L
-1
 AgNO3) reference electrode mounted on a Luggin capillary was used. 
The working electrode was pretreated by polishing on a Buehler microcloth first with a 1 μm 
and then with a 1/4 μm diamond paste. The reference electrode was constructed from a silver 
wire inserted into a solution of 0.01 mol·L
-1
 [AgNO3] and 0.1 mol·L
-1
 [N
n
Bu4][B(C6F5)4] in 
acetonitrile in a Luggin capillary with a Vycor tip. This Luggin capillary was inserted into a 
second Luggin capillary with a Vycor tip filled with a 0.1 mol·L
-1
 [N
n
Bu4][B(C6F5)4] solution 
in dichloromethane. 
E42-E49
 Successive experiments under the same experimental conditions 
showed that all formal reduction and oxidation potentials were reproducible within 5 mV. 
Experimentally potentials were referenced against an Ag/Ag
+
 reference electrode but results 
are presented referenced against ferrocene as an internal standard as required by IUPAC.
 E50
 
When decamethylferrocene was used as an internal standard, the experimentally measured 
potential was converted into E vs FcH/FcH
+
 by addition of −0.61 V. E51 Data were then ma-
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nipulated on a Microsoft Excel worksheet to set the formal reduction potentials of the 
FcH/FcH
+
 couple to E°′ = 0.0 V. Under our conditions the FcH/FcH+ couple itself was at 220 
mV vs Ag/Ag
+
, Ep = 61 mV. 
E52-E54
 The cyclic voltammograms were taken after typical two 
scans and are considered to be steady state cyclic voltammograms in which the signal pattern 
differs not from the initial sweep. 
 
2.5 Spectroelectrochemistry 
Spectroelectrochemical UV-Vis/near-IR and IR measurements of 5.0 mmol·L
-1 
(UV-
Vis/near-IR) or 10 mmol·L
-1
 (IR) solutions of 3a-c in dry dichloromethane containing 0.1 
mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as the supporting electrolyte were performed in an OTTLE (= 
Optically Transparent Thin-Layer Electrochemistry, quartz windows for UV-Vis/near-IR; 
CaF2 windows for IR) 
E55
 cell with a Varian Cary 5000 spectrophotometer (UV-Vis/near-IR) 
or a Thermo Nicolet IR 100 spectrometer (IR) at 25 °C. Between the spectroscopic measure-
ments the applied potentials have been increased step-wisely using step heights of 100, 50, 25 
or 15 mV. At the end of the measurements the analyte was reduced at -500 mV for 15 min 
and an additional spectrum was recorded to prove the reversibility of the oxidations. 
 
2.6 General procedure for the synthesis of 2,5-diethynylferrocenyl heterocycles 3a-c  
For the Sonogashira C,C cross-coupling reactions 6 mol% of [CuI] and 0.5 mol% of 
[PdCl2(PPh3)2] were dissolved in 60 mL of 
i
Pr2NH and the reaction mixture was stirred for 10 
min. The orange solution was treated with 1 eq of 2,5-X2-
c
C4H2E (E = NPh (X = I), 3a; S (X 
= Br), 3b; O (X = Br), 3c), 2.1 eq of ethynylferrocene and 6 mol% of triphenylphosphane and 
was heated to reflux overnight. The reaction mixture was cooled to ambient temperature and 
all volatiles were removed in an oil pump vacuum. The residue was washed with diethyl ether 
and filtered through a pad of Celite to remove the ammonium salt until the eluent was color-
less. The orange filtrate was concentrated and purified by column chromatography (column 
size: 1.5 x 10 cm, alumina). For column chromatography a n-hexane/diethyl ether mixture of 
ratio 10:1 (v/v) was used as eluent. The 1
st
 fraction contained ethynylferrocene, while from the 
2
nd
 fraction compounds 3a-c could be isolated. All volatiles were removed under reduced 
pressure. 
 
 
KAPITEL E 
98 
2.6.1 Data for 2,5-diethynylferrocenyl-N-phenyl pyrrole (3a)  
2,5-Diiodo-N-phenyl pyrrole (1a) (500 mg, 1.26 mmol), [CuI] (14.5 mg, 0.08 mmol), 
[PdCl2(PPh3)2] (4.4 mg, 6.33·10
-6
 mol), PPh3 (19.9 mg, 0.08 mmol) and 2.1 eq of FcC≡CH 
(558 mg, 2.66 mmol) were reacted. Yield: 210 mg (0.38 mmol, 30 % based on 1a); orange 
solid, soluble in diethyl ether and dichloromethane. Anal. calcd for C34H25Fe2N (559.25 
g/mol) [%]: C, 73.02; H, 4.51; N, 2.50; found: C, 72.76; H, 4.57; N, 2.58. Mp.: 188 °C. 
1
H 
NMR [CDCl3, ppm] δ: 4.02 (s, 10 H, C5H5), 4.16 (pt, JHH = 1.9 Hz , 4 H, C5H4), 4.33 (pt, JHH 
= 1.9 Hz , 4 H, C5H4), 6.51 (s, 2 H, H-3/4), 7.45 (m, 1 H, C6H5/p-H), 7.56 (m, 2 H, C6H5), 
7.61 (m, 2 H, C6H5). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 64.9 (FcC≡C), 68.9 (C5H4), 70.0 (C5H5), 
71.4 (C5H4), 77.7 (Ci-C5H4), 92.0 (FcC≡C), 115.2 (C-3/4), 118.0 (Ci-2/5), 127.9 (C6H5), 128.1 
(C6H5/p-C), 128.5 (C6H5), 138.7 (Ci-C6H5). IR data [KBr, cm
-1] ν: 772 (s, δo.o.p. =C-H), 999 (s, 
δC-N), 1496 (s, νC=C), 1592 (m, νC=C), 2208 (m, νC≡C), 3091 (w, ν=C-H). HR-ESI-MS [m/z]: 
calcd for C34H25Fe2N: 559.0681, found: 559.0653 [M]
+
. 
 
2.6.2 Data for 2,5-diethynylferrocenyl furan (3c)  
2,5-Dibromofuran (1c) (500 mg, 2.21 mmol), [CuI] (25.3 mg, 0.13 mmol), [PdCl2(PPh3)2] 
(7.8 mg, 0.01 mmol), PPh3 (34.8 mg, 0.13 mmol) and 2.1 eq of ethynylferrocene (976 mg, 
4.65 mmol) were reacted. Yield: 234 mg (0.48 mmol, 22 % based on 1c); orange solid, solu-
ble in diethyl ether and dichloromethane. Anal. calcd for C28H20Fe2O (484.15 g/mol) [%]: C, 
69.46; H, 4.16; found: C, 69.67; H, 4.30. Mp.: 150 °C (decomp.). 
1
H NMR [CDCl3, ppm] δ: 
4.26 (s, 10 H, C5H5), 4.27 (pt, JHH = 1.9 Hz , 4 H, C5H4), 4.52 (pt, JHH = 1.9 Hz , 4 H, C5H4), 
6.55 (s, 2 H, H-3/4). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 63.8 (FcC≡C), 69.4 (C5H4), 70.3 (C5H5), 
71.6 (C5H4), 75.8 (Ci-C5H4), 93.6 (FcC≡C), 115.5 (C-3/4), 137.8 (Ci-2/5). IR data [KBr, cm
-1
] 
ν: 791 (s, δo.o.p. =C-H), 964 (s, δC-C), 1429 (m, νC=C), 1578 (m, νC=C), 2204 (m, νC≡C), 3097, 3130 
(w, ν=C-H). HR-ESI-MS [m/z]: calcd for C28H20Fe2O: 484.0208, found: 484.0184 [M]
+
. 
 
2.7 Single crystal X-ray diffraction analysis 
Data for 3a and 3c were collected on an Oxford Gemini S diffractometer using graphite-
monochromatized Mo-Kα radiation (λ = 0.71073 Å). The molecular structures were solved by 
direct methods using SHELXS-97 
E56
 and refined by full-matrix least-squares procedures on 
F
2
 using SHELXL-97. 
E57
 All non-hydrogen atoms were refined anisotropically and a riding 
model was employed in the treatment of the hydrogen atom positions.  
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2.7.1 Crystal data for 3a  
Single crystals of 3a were obtained by diffusion of toluene into a dichloromethane solution 
containing 3a at 25 °C. C34H25Fe2N, Mr = 559.25 g·mol
-1
, crystal dimension 0.45 x 0.38 x 
0.05 mm, triclinic, P–1, λ = 0.71073 Å, a = 7.4190(4) Å, b = 10.6092(5) Å, c = 32.0745(12) 
Å, α = 90.246(4) °, β = 93.613(4) °, γ = 91.044 (4) °, V = 2519.1(2) Å3, Z = 4, ρcalcd = 
1.475 g·cm
-3
, μ = 1.176 mm-1, T = 100 K, Θ range = 3.10 – 25.25 °, reflections collected 
18342, independent 9074, R1 = 0.0372, wR2 = 0.0821 [I ≥ 2σ(I)].  
 
2.7.2 Crystal data for 3c  
Single crystals of 3c were obtained by diffusion of toluene into a dichloromethane solution 
containing 3c at 25 °C. C28H20Fe2O, Mr = 484.14 g·mol
-1
, crystal dimension 0.40 x 0.07 x 
0.07 mm, monoclinic, P21/c, λ = 0.71073 Å, a = 14.467(5) Å, b = 7.432(5) Å, c = 19.091(5) 
Å, α = 90 °, β = 98.699(5) °, γ = 90 °, V = 2029.0(16) Å3, Z = 4, ρcalcd = 1.585 g·cm
-3
, μ = 
1.448 mm
-1
, T = 293 K, Θ range = 2.95 – 26.00 °, reflections collected 9644, independent 
3951, R1 = 0.0507, wR2 = 0.1126 [I ≥ 2σ(I)].  
 
3. Results and discussion 
3.1 Synthesis and characterization 
The synthetic approach to obtain the 2,5-diethynylferrocenyl heterocyclic complexes 2,5-
(FcC≡C)2-
c
C4H2E (Fc = Fe(η
5
-C5H5)(η
5
-C5H4); E = NPh, 3a; S, 3b; O, 3c) is outlined in 
Scheme E1. 2,5-Diiodo-N-phenyl pyrrole (1a) and 2,5-dibromo thiophene (1b) and furan (1c) 
have been prepared by an electrophilic substitution of the protons in 2 and 5 position with N-
iodo- or N-bromosuccinimide according to Gilow et al. 
E58
 and were used in the synthesis of 
3a-c without further purification. The ethynylferrocenyl substituents were introduced by the 
Sonogashira C,C cross-coupling reaction of ethynylferrocene (2) with 1a-c. After appropriate 
work-up, compounds 3a-c were obtained as orange solids in moderate yields (Experimental 
Part).  
The title compounds 3a-c are stable to air and moisture both in the solid state and in solu-
tion. They are poorly soluble in non-polar solvents such as n-hexane, toluene, and diethyl 
ether but dissolve rather well in dichloromethane and tetrahydrofuran. Characterization details 
for 3a and 3c by NMR (
1
H, 
13
C{
1
H}) spectroscopy, IR and ESI-TOF mass spectrometry as 
well as elemental analysis are given in the Experimental Part. The electrochemical behavior 
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of 3a-c was determined by cyclic voltammetry (= CV), square wave voltammetry (= SWV) 
and in situ UV-Vis/near-IR and IR spectroscopy. 
 
Scheme E1. Synthesis of 2,5-diethynylferrocenyl-substituted heterocycles 3a-c. 
 
The 
1
H NMR spectra of 3a-c display one sharp singlet for the C5H5 groups and two pseudo 
triplets (JHH = 1.9 Hz) for the protons of the C5H4 ligands as expected for a AA´XX´ spin sys-
tem. 
E59
 For the heteroaromatic moiety a singlet (6.51 ppm, 3a; 6.55 ppm, 3c) could be detect-
ed. The signals are shifted to higher field due to the mesomeric (+M) effect of the phenyl 
group and the better overlap of the nitrogen (pyrrole), or oxygen (furan) orbitals with the car-
bon ones, 
E60
 when compared with 3b (7.04 ppm). 
E37
 Besides the absorptions characteristic 
for the heterocyclic, phenyl and ferrocenyl units, most distinctive in the IR spectra of 3a-c is 
the ν(C≡C) vibration for the ethynyl unit at 2008 cm-1. 
 
3.2 Crystallography 
The molecular structures of 3a and 3c in the solid state have been determined by single 
crystal X-ray diffraction analysis. Suitable crystals were obtained by diffusion of toluene into 
a saturated dichloromethane solution containing the respective compound at ambient tempera-
ture. Important bond distances (Å), bond angles (°) and torsion angles (°) are summarized in 
the captions of Figures E1 and E2. For crystal and structure refinement data see Experimental 
Part. The crystallographic investigations confirm a molecular architecture in which 3a crystal-
lizes in the triclinic space group P–1 with two molecules in the asymmetric unit (Figure SI5, 
Supporting Information), while 3c crystallizes in the monoclinic space group P21/c. 
The ferrocenyl groups of 3c are oriented parallel and are almost coplanar with the heterocy-
clic core (torsion angle of the C5H4 unit to the furan core: 0.95(28) ° for Fe1 and 3.32(26) ° 
for Fe2), which is equal to the 2,5-diferrocenyl furan. 
E19
 In contrast, the ferrocenyl units at 3a 
are orthogonal oriented (87.33(7), 86.09(7) °). As a reason for this orientation steric interac-
tions with the N-phenyl substituent can be excluded. It is more likely that a large T-shaped π-π 
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stacking network within the packing is the decisive factor (Supporting Information Figure SI5 
and SI6). 
E61,E62
 The conformation of the cyclopentadienyl ligands is rather eclipsed (3a, 
6.66(18), –1.15(16), 2.58(21); 3c, 8.77(27) °) or between eclipsed and staggered (3a, 
11.22(16); 3c, 14.65(26) °).  
 
Figure E1. ORTEP diagram (50 % probability level) of the molecular structure of 3a with the 
atom numbering scheme. Hydrogen atoms have been omitted for clarity. Selected bond dis-
tances (Å), angles (°) and torsion angles (°): average D–Fe = 1.644, average Fe1–Fe2 = 
11.398, N1–C4 = 1.390(3), N1–C1 = 1.302(3), C1–C2 = 1.381(3), C2–C3 = 1.402(3), C3–C4 
= 1.381(3), C4–C17 = 1.424(3), C17–C18 = 1.196(3), C1–C5 = 1.416(3), C5–C6 = 1.201(3); 
N1–C1–C5 = 119.94(19); N1–C4–C17 = 122.61(19); C4–C17–C18 = 175.7(2); C17–C18–
C19 = 176.4(2), C1–C5–C6 = 174.2(2), C5–C6–C7 = 174.5(2), C4–N1–C1 = 108.26(18), 
N1–C1–C2 = 107.8(2), average D–Fe–D = 179.5; C1–C5–C6–C7 = –34(4), C5–C6–C7–C11 
= -154(2), C2–C3–C4–C17 = 176.6(2), C1–C2–C3–C4 = 0.5(3), C4–C17–C18–C19 = 25(7), 
C29–N1–C1–C5 = -1.8(3) (D = denotes the centroids of C5H4 and C5H5). 
 
 
Figure E2. ORTEP diagram (50 % probability level) of the molecular structure of 3c with the 
atom numbering scheme. Hydrogen atoms have been omitted for clarity. Selected bond dis-
tances (Å), angles (°) and torsion angles (°): average D–Fe = 1.651, Fe1–Fe2 = 11.059, O1–
C4 = 1.382(4), O1–C1 = 1.384(4), C1–C2 = 1.344(5), C2–C3 = 1.413(5), C3–C4 = 1.351(5), 
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C4–C17 = 1.411(5), C17–C18 = 1.201(5), C1–C5 = 1.401(5), C5–C6 = 1.199(5); O1–C1–C5 
= 115.1(3); O1–C4–C17 = 114.2(3); C18–C17–C4 = 174.4(4); C17–C18–C19 = 176.2(4), 
C6–C5–C1 = 176.2(4), C5–C6–C7 = 177.2(4), C4–O1–C1 = 106.7(3), C2–C1–O1 = 109.0(3), 
average D–Fe–D = 179.33; C1–C5–C6–C7 = 138(7), C5–C6–C7–C11 = 46(7), C2–C3–C4–
C17 = -179.3(4), C1–C2–C3–C4 = 0.1(4), C4–C17–C18–C19 = -34(9), (D = denotes the cen-
troids of C5H4 and C5H5). 
 
The geometrical distance between the two iron atoms is 11.0588(27) Å for 3c and 
11.3503(6) Å and 11.4458(6) Å for the two molecules of 3a. The difference in the Fe-Fe dis-
tances between 3a and 3c is caused by the different angle of the ethynylferrocenyl substitu-
ents with the heterocycle (3a, N1–C1–C5 = 119.94(19), N1–C4–C17 = 122.61(19) °; 3c, O1–
C1–C5 = 115.1(3), O1–C4–C17 = 114.2(3) °) (Figures E1 and E2). 
 
3.3 Electrochemistry  
The redox properties of 3a-c have been determined by cyclic voltammetry (= CV), square-
wave voltammetry (= SWV) (Figure E3) and UV-Vis/near-IR spectroscopy (Figure E4, Sup-
porting Information Figures SI1 and SI2). Dichloromethane solutions containing the analyte 
(1.0 mmol·L
-1
) and [N
n
Bu4][B(C6F5)4] (0.1 mol·L
-1
) 
E14,E18,E19,E39,E40,E42-E49
 as supporting elec-
trolyte were used. The data of the CV measurements have been recorded at a scan rate of 
100 mV·s
-1
 and are summarized in Table E1. All redox potentials are referenced to the 
FcH/FcH
+
 redox couple (E°′ = 0.00 mV, FcH = Fe(5-C5H5)2). 
E50
  
 
Table E1. Cyclic voltammetry data (potentials vs FcH/FcH
+
), scan rate 100 mV·s
-1
 at a 
glassy-carbon electrode of 1.0 mmol·L
-1
 solutions of the analytes in dry dichloromethane con-
taining 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte at 25 °C. 
compound E°1 (mV)
a (∆Ep (mV))
b 
ΔE°′ (mV)c 
3a 121 (204) 106
d 
3b 50 (140) 75 
3c 70 (144) 72 
aE°′ = formal potential. bΔEp = difference between the oxidation and the reduction potential. 
cΔE°′ = potential 
difference between the two ferrocenyl-related redox processes determined by the application of the Richardson 
and Taube method. 
E63
 
d
When using the deconvolution of the redox separation of the oxidation potentials in 
SWV (Figure E3) ΔE°′ = 100 mV. 
 
Figure E3 shows the cyclic and square wave voltammograms of binuclear 3a-c. For 2,5-
diethynylferrocenyl-N-phenyl pyrrole (3a) a reversible redox event corresponding to the two 
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ferrocenyl units could be observed, giving a redox separation of ΔE°′ = 100 mV resolved by 
square wave voltammetry. Additionally, the application of the method according to Richard-
son and Taube allows the estimation of the ΔE°′ value (106 mV) by determining the signal 
width at half of the maximum current within the square wave voltammogram (193 mV). 
E63
 
Both methods give a similar redox splitting between the individual redox events of the redox 
active termini (ΔE°′ = 100 mV with deconvolution, ΔE°′ = 106 mV with the Richardson and 
Taube method). Thiophene 3b and furan 3c analogues show one redox event. However, the 
high ΔEp value (140 mV, 3b; 144 mV, 3c) of the appropriate single wave suggests that two 
individual reversible one-electron processes take place in a close potential range, indicating a 
certain degree of intermetallic interaction in the molecules. 
E64
 Therefore, the Richardson and 
Taube method has been applied, giving low ΔE°′ values (3b: 75 mV, 3c: 72 mV). The calcu-
lation of the comproportionation constants (Equation E1) leads to a procentual ratio of neu-
tral, monocationic and dicationic species (Table E2). It is noteworthy that the maximal en-
richment of the monocationic species 3a-c
+ 
is not determinable within an OTTLE cell, there-
fore the obtained intensities are likely to be underestimated. Hence, in situ spectroelectro-
chemical UV−Vis/near-IR and IR measurements have been carried out, to get a deeper insight 
into the electronic properties of the individual oxidation states. 
 
𝐾𝐶 =  𝑒
∆𝐸°´∙𝐹
𝑅𝑇 =
[𝑀1
𝑛𝑀2
𝑛+1]2
[𝑀1
𝑛𝑀2
𝑛][𝑀1
𝑛+1𝑀2
𝑛+1]
  (E1) 
 
 
Table E2. Procentual ratios for 3a–cn+ (n = 0, 1, 2) determined using KC. 
compound KC n = 0 (%)
 
n = 1 (%) n = 2 (%) 
3an+ 62 10 80 10 
3bn+ 18.5 16 68 16 
3cn+ 16.5 16.5 67 16.5 
 
 
In comparison to 2,5-Fc2-
c
C4H2E (E = NPh (-238 mV), S (-94 mV), O (-152 mV)) 
E18,E49
 the 
redox events of 3a–c are shifted to more anodic potentials indicating that these compounds 
are more difficult to oxidize and hence are more electron-poor. For the series of diferrocenyl 
heterocycles a trend with rising oxidation potentials (pyrrole < furan < thiophene) could be 
observed allowing to categorize the 
c
C4H2NPh cycle as the most electron rich and the 
c
C4H2S 
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as the most electron poor system within the series, while for 3a–c  a reversed trend is found. 
The 2,5-(C≡C)2-
c
C4H2NPh unit of 3a shows to be more electron withdrawing than the appro-
priate 2,5-(C≡C)2-
c
C4H2S entity. Furthermore, the sp-character of the C≡C units’ carbon at-
oms cause an electron withdrawing effect 
E65
 in addition to the longer metal-metal distance 
and therefore, are responsible for the low redox separation. Compound 3b has been studied 
before 
E36,E37
 showing a similar reversible redox behavior. The two ferrocenyl moieties are 
oxidized simultaneously with redox potentials of E°′ = 141 E36 and 560 mV E37 depending on 
the different reference electrodes (FcH/FcH
+
, SCE) used in the electrochemical measure-
ments. 
E25
  
 
Figure E3. Voltammograms of dichloromethane solutions containing 1.0 mmol·L-1 of 3a-c at 
25 °C. Supporting electrolyte [N(
n
Bu)4][B(C6F5)4] (0.1 mol·L
-1
). Left: Cyclic voltammograms 
(scan rate: 100 mV·s-1). Right: Square-wave voltammograms (scan rate: 1 mV·s-1). 
 
3.4 Spectroelectrochemistry 
Spectroelectrochemical studies were performed by a stepwise increase of the potential (step 
heights:  15, 25, 50 or 100 mV) from -200 to 1000 mV vs Ag/AgCl in an OTTLE cell 
E55
 us-
ing dichloromethane solutions of 3a–c (0.005 mol·L-1) containing [NnBu4][B(C6F5)4] 
(0.1 mol·L
-1
) as electrolyte at 25 °C. During this procedure 3a–c were oxidized to the mixed-
valent 2,5-diethynylferrocenyl species 3a–c+ and finally to dicationic 3a–c2+ (Figures E4 and 
E6, Supporting Information Figures SI1, SI2, SI3 and SI4). 
For 3a an increasing absorption in the near-IR region at 1510 nm could be observed, at-
tributed to an IVCT transition (= Inter-Valence Charge Transfer) of mixed-valent 3a
+
 (Figure 
3a
3b
3c
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
30 µA
Potential (V) vs FcH/FcH
+
ia
ic
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
Potential (V) vs FcH/FcH
+
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E4). The maximum of the absorption is observed at 450 mV vs Ag/AgCl and with further ox-
idation a simultaneous collapse and the formation of a new band at 1090 nm occurred, which 
can be assigned to a LMCT (= Ligand-to-Metal Charge Transfer) transition. Compounds 3b 
and 3c show similar UV-Vis/near-IR spectra during the successive in situ oxidation, whereby 
the IVCT excitations are approximately half as intense as in the pyrrole derivative 3a (Figure 
E5 and Table E3, Supporting Information Figures SI1 and SI2). The absorptions in the UV-
Vis region (250 – 750 nm) are caused by d-d transitions of the ferrocenyl substituents. E14,E66 
 
 
Figure E4. UV-Vis/near-IR spectra of 3a at rising potentials vs Ag/AgCl: -200 to 450 mV 
(left top), 450 to 1000 mV (bottom). Deconvolution of the near-IR absorptions at 450 mV 
(right top) of in situ generated 3a
+
 using three Gaussian-shaped bands. Measurement condi-
tions: 25 °C, dichloromethane, 0.1 mol·L
-1
 [N
n
Bu4][B(C6F5)4] as supporting electrolyte.  
 
Using the method of deconvolution, the bands for monocationic mixed-valent 3a-c
+
 could 
be described using three overlapping Gaussian-shaped functions, which sum fits well with the 
experimental graph. This approach allows the determination of the physical parameters 
(wavenumber (νmax), extinction (εmax), Full-Width-at-Half-Maximum (= FWHM) (∆ν1/2)) of 
the charge transfer excitations in the near-IR region (Table E3). Band-shape analysis based on 
the two-state Hush model 
E67-E69
 for symmetric mixed-valent species enables a classification 
of the diethynylferrocenyl-substituted heterocycles according to Robin and Day. 
E70
 There-
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fore, the electronic coupling parameter Hab has been calculated (Equation E2) and thus, the 
strength of coupling between the two metal atoms can be estimated within the class II regime. 
The geometrical iron-iron distances rab are derived from X-ray crystallographic data (Figures 
E1 and E2). In pyrrole 3a a barrier-free rotation in solution will maximize the Fe-Fe distance 
in an antiparallel conformation. For 3b, the iron-iron distances of the pyrrole and furan mole-
cule were used to calculate Hab and the average value is given within the limits of error. Due 
to the synperiplanar orientation of the ferrocenyl substituents in the solid state, the iron-iron 
distance in 3c (11.059 Å) is somewhat shorter than in 3a (11.398 Å). The lower extinction 
εmax leads to a smaller Hab value. Please, note that the geometrical distances of the structures 
in the solid state are usually longer than the actual electron transfer distances and therefore, 
Hab is systematically underestimated. Nevertheless, a trend can be found considering these 
values. The degree of intermetallic communication decreases in the series 3a, 3b, 3c. 
 
Table E3. Near-IR data of 3a–c+.a 
compd. transition νmax (cm
-1
) 
[nm] 
εmax 
(L·mol
-1
·cm
-1
) 
εmax 
(L·mol
-1
·cm
-1
)
c 
∆ν1/2 (cm
-1) Hab (cm
-1)c 
3a+ LF
b 
IVCT 
LMCT 
4075 [2454] 
6625 [1510] 
9170 [1090] 
395 
1500 
640 
495 
1875 
800 
600 
3980 
4000 
 
359 
3b+ LF 
IVCT 
LMCT 
4065 [2460] 
7865 [1271] 
10670 [937] 
140 
620 
1180 
205 
910 
1735 
1010 
4370 
2730 
 
268 ± 4 
3c+ LF 
IVCT 
LMCT 
3975 [2515] 
7450 [1342] 
10560 [947] 
130 
380 
1095 
195 
565 
1634 
750 
4370 
2850 
 
207 
a
In dry dichloromethane containing 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte at 25 °C.
 b
Ligand 
field transition. 
c
Extinction values considering the maximum of the enrichment of the monocationic species 3a-
c
+
 in the chemical equilibrium (vida supra). 
d
As rab geometrical iron-iron distances derived from X-ray crystallo-
graphic data were used (3a, average 11.398 Å; 3c, 11.059 Å). 
 
𝐻𝑎𝑏 = 2.06 ∙ 10
−2 √𝜈𝑚𝑎𝑥 ∙ 𝜀𝑚𝑎𝑥 ∙ 𝛥𝜈1 2⁄
𝑟𝑎𝑏
      (E2) 
 
The broader IVCT bands of 2,5-diethynylferrocenyl thiophene 3b and furan 3c (∆ν1/2 = 
4370 cm
-1
), in comparison to pyrrole 3a, are shifted to higher wavenumbers indicating larger 
CT excitation energies (Table E3, Figure E5). In contrast to 3a-c, the IVCT excitations of 2,5-
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Fc2-
c
C4H2E (E = NPh, S, O) 
E18,E49
 show other spectral properties and much higher electronic 
coupling parameters (2250 cm
-1
 (NPh), 1100 cm
-1
 (S), 1350 cm
-1
 (O)) could be calculated. 
E19
 
Within these studies, the estimation of rab has been carried out by a method, which shows a 
linear relationship between the ΔE°′ values and the oscillator strength under the assumption 
that a series of molecules with similar geometries and properties is considered. 
E18,E19
 In ac-
cordance with these studies it is found that the electronic coupling for the pyrrole containing 
molecule 3a is increased, when compared with furan 3c and thiophene 3b, despite the fact that 
the electronic trend within the series 3a–c is reversed in contrast to 2,5-Fc2-
c
C4H2E (E = NPh, 
S, O). 
 
 
Figure E5. UV-Vis/neat-IR spectra of in situ generated 3a–c+ (0.005 mol·L-1 in dichloro-
methane, 25 °C, supporting electrolyte [N
n
Bu4][B(C6F5)4] (0.1 mol·L
-1
)). 
 
The ethynyl fragment with its characteristic ν(C≡C) vibration allows to investigate electron 
transfer processes and hence the formation of a mixed-valent species by in situ IR spectroe-
lectrochemistry 
E23,E71
 The typical ν(C≡C) band at 2205 cm
-1
 of the diethynylferrocenyl groups 
in neutral 3a-c could not have been detected in solution (dichloromethane, 0.1 mol·L
-1
 
[N
n
Bu4][B(C6F5)4] as supporting electrolyte) prior to measurement, due to the low analyte 
concentration (10.0 mmol·L
-1
 of 3a-c, limit of the OTTLE cell). Hence the data in Table E4 
for the neutral species are collected from IR measurements in KBr. During oxidation 
(from -200 to 510 mV) IR bands at 2167 and 2184 cm
-1
 (symmetric and asymmetric) could be 
detected for in situ generation of 3a
+
 (Table E4, Figure E6). The absorptions are shifted hyp-
sochromically as oxidation proceeded (3a
+
 → 3a2+). A similar electronic behavior was ob-
served for 3b and 3c, whereby pyrrole 3a showed with 27 cm
-1
 the largest shift from 3a
+
 to 
3a
2+
. On the basis of the IR data, it can be concluded that the transition from neutral 3a-c to 
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dicationic 3a-c
2+
 proceeds clearly over mixed-valent species 3a-c
+
 with a partially delocaliza-
tion of the in situ generated charge. 
Table E4. Spectroelectrochemical IR data for 3a–cn+ (n = 0, 1, 2). 
compd. νC≡C (cm
-1
) 
(n = 0)
a 
νC≡C (cm
-1
) 
(n = 1) 
νC≡C (cm
-1
) 
(n = 2) 
3an+ 2208 
2167 
2184 
2194 
2242 
3bn+ 2205 
2187 
2212 
2197 
2214 
3cn+ 2204 2191 2207 
a
Data collected from IR measurements in KBr at ambient temperature.
  
 
 
Figure E6. IR spectra of 3a at rising potentials vs Ag/AgCl collected from a spectroelectro-
chemical experiment. Left: -200 mV to 510 mV (3a → 3a+). Right: 510 mV to 1000 mV (3a+ 
→ 3a2+). The blue line belongs to the mixed-valent species 3a+. Measurement conditions: 
25 °C, dichloromethane solution containing 10.0 mmol·L-1 of 3a, 0.1 mol·L-1 
[N
n
Bu4][B(C6F5)4] as supporting electrolyte.  
 
4. Conclusion 
The 2,5-diethynylferrocenyl heterocycles 2,5-(FcC≡C)2-
c
C4H2E (E = NPh, 3a; S, 3b; O, 3c) 
were available from a Sonogashira C,C cross-coupling of the corresponding halogenated het-
erocycles and ethynylferrocene. The structures of these compounds in the solid state were 
determined by single crystal X-ray diffraction analysis showing a difference in the Fe-Fe dis-
tances between 3a (11.398 Å) and 3c (11.059 Å), which is caused by the different angle of the 
ethynylferrocenyl substituents with the heterocyclic core. A T-shaped π-π stacking network 
occurs in 3a. Electrochemical studies (cyclic and square wave voltammetry) show that single 
redox waves with high ΔEp values (140 mV, 3b; 144 mV, 3c) occur, indicating that two indi-
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vidual oxidation processes take place in a close potential range. In contrast to the results of the 
electrochemical measurements, in in situ spectroelectrochemical UV-Vis/near-IR and IR stud-
ies mixed-valent species and partial delocalization was observed. This reveals that, despite 
having quite small redox splitting between the first and the second oxidation, the 2,5-
diethynylferrocenyl heterocycles can be classified as class II systems according to Robin and 
Day. 
E70
 Furthermore the calculation of the electronic coupling parameter Hab makes a further 
assessment as weak coupled class II systems possible. In comparison to the redox behavior of 
2,5-Fc2-
c
C4H2E (E = NPh, S, O), 
E18,E49
 the influence of the ethynyl bridging unit, which caus-
es a larger metal-metal distance, on the redox separation and the band shape and intensity of 
the IVCT transition could be demonstrated. 
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F Five-membered Heterocycles as Linking Units in Strongly Coupled 
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Die Synthese, die Charakterisierung und die (spektro)elektrochemischen Untersuchungen der 
Verbindungen 11a,b und 12a,b erfolgten durch den Autor. Die Diskussion der erhaltenen 
Ergebnisse wurde in Zusammenarbeit mit Herrn Dr. Hildebrandt vorgenommen. Kristallogra-
phische Untersuchungen wurden von Herrn Korb und Herrn Dr. Schaarschmidt durchgeführt 
und ausgewertet. In einer Kooperation mit dem IFW Dresden wurden zusätzlich ESR-
spektroelektrochemische Messungen von Herrn Rosenkranz durchgeführt und die DFT-
Rechnungen wurden von Herrn Dr. Popov angefertigt. Die Auswertung und die Diskussion 
erfolgten durch die Kooperationspartner. 
 
1. Introduction 
The investigation of organometallic compounds bearing π-conjugated organic bridging lig-
ands between transition metal atoms has been increased significantly during the last 30 
years. 
F1-F3
 In particular, alkynyl transition metal complexes are well studied, due to their high 
stability, π-conjugation and rigid structure. They are well suited, for example, as models for 
“molecular wires” F4-F7 and for the construction of nanoscale electronic devices. F8-F12 Besides 
σ-complexes with end-on bonded alkynes, tweezer-type complexes with both σ- and π-
coordination have been investigated, as they allow cooperative and synergistic effects be-
tween the metal centers. 
F13-F15
 Examples of alkynyl transition metal complexes are given by 
the works of, for example, Lapinte, 
F16-F19
 Low 
F20-F22
 and Bruce. 
F23,F24
 Besides bridges solely 
built of alkyne chains, 
F25-F28
 other organic linkers such as benzene, 
F1,F21,F29,F30
 naphtha-
lene, 
F1,F31
 anthracene, 
F1,F17,F32
 bipyridine, 
F16
 1,12-carbaborane, 
F33
 cyanoacetylide, 
F24
 
dithia[3.3]paracyclophane 
F34
 and biferrocene 
F19,F35-F37
 have been introduced in alkyne-based 
“all carbon” units. Hence, the influence of the chain length and the nature of the organic unit 
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on the intramolecular electronic communication between the transition metals in homo- and 
heterobimetallic compounds were investigated. It could be shown that, as expected, larger 
alkyne bridges lead to a decrease of the electronic interaction between the metal centers. Or-
ganometallic half-sandwich building blocks, e. g., ML(PP) (L = Cp (= η5-C5H5) or Cp* (= η
5
-
C5Me5); M = Fe, Ru, Os; PP = dppe, dppm (= 1,2-bis(diphenylphosphino)methane), 
(PPh3)2), 
F25,F26,F29,F35
 Mn(η5-C5H4Me)(dmpe) (dmpe = 1,2-bis(dimethylphosphino)ethane), 
F38
 
Mo(η7-C7H7)(dppe), 
F29
 Pt(PR3)2(Ar), 
F25
 ReCp*(NO)(PPh3) 
F39,F40
 are primarily used as re-
dox-active termini, whereby a direct bond between the metal and the “all-carbon bridge” is 
present.  
Recently, our research group focused on the electrochemical behavior of ferrocenyl-
functionalized heterocycles 
F41-F44
 including furan, 
F45
 thiophene, 
F45,F46
 pyrrole, 
F45,F47,F48
 
phosphole, 
F49
 silole, 
F50
 titanacyclopenta-2,3,4-triene 
F51,F52
 and zirconacyclopentadiene. 
F51
 
On the example of a series of aromatic diferrocenyl heterocycles of type 2,5-Fc2-
c
C4H2E (Fc = 
Fe(η5-C5H5)(η
5
-C5H4); E = O, S, NR; R = CH3, C6H5, C6H4-4-NMe2, C6H4-4-OMe, C6H4-4-
Me, C6H4-3-F, C6H4-4-CO2Et) a direct correlation between electrochemical and spectroscopic 
properties could be shown, due to similar molecular geometries (Fe-Fe distance, heterocycle) 
of the respective species. 
F45,F47,F48,F53
 The strength of the electronic coupling of the ferro-
cenyl/ferrocenium termini through the heterocyclic unit allowed to classify these compounds 
as class II systems according to Robin and Day. 
F54
  
The groups of Lapinte 
F55
 and Lui 
F56
 found for mixed-valent [2,5-(η5-C5Me5)(dppe) 
MC≡C)2-
c
C4H2S]
+
 (M = Fe, Ru) solvent-independent and narrow IVCT bands in near-IR 
spectroelectrochemical studies. On the Mössbauer time scale the charge is delocalized on both 
metal centers M. IR spectroelectrochemistry revealed two distinct C≡C vibrations, character-
izing them as class II/III borderline systems. 
F54
 These investigations prompted us to combine 
the well-studied and electron-rich half-sandwich moieties M(dppe)Cp (M = Fe, Ru, Os; Cp = 
(η5-C5H5)) with the five-membered heterocycles (vide supra) to a series of complexes of type 
2,5-((η5-C5H5)(dppe)MC≡C)2-
c
C4H2E (E = O, S). (Spectro)Electrochemical methods and DFT 
calculations have been used to investigate the effect of various group-8 metals and heteroa-
toms on the electronic properties and intramolecular interactions of the latter type of com-
pounds. Furthermore, the IR-active alkyne unit allowed to study the intramolecular electron 
transfer interactions on the IR time scale.  
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2. Results and Disscusion 
2.1 Synthesis and characterisation 
2,5-Bis(trimethylsilylethynyl)-functionalized heterocycles 2,5-(Me3SiC≡C)2-
c
C4H2E (E = O 
(5), S (6))  were synthesized by the reaction of Me3SiC≡CH with 2,5-Br2-
c
C4H2E (E = O (3), 
S (4)) under typical Sonogashira C,C cross-coupling conditions in diisopropylamine (Scheme 
F1). Compounds 2,5-((η5-C5H5)(dppe)MC≡C)2-
c
C4H2E (E = O (11), S (12); M = Fe (a), Ru 
(b)) were obtained in a three-step “one-pot” reaction F55 based on the deprotection of 5 and 6 
with K2CO3 in methanol, followed by treatment of the thus obtained 2,5-(HC≡C)2-
c
C4H2E 
species with MCl(dppe)Cp (M = Fe (7), Ru (8); Cp = (η5-C5H5)), whereby the dissociation of 
the M-Cl bond is facilitated by the addition of 2.3 eq of [NH4]PF6 to afford bis(vinylidene) 
compounds [2,5-((η5-C5H5)(dppe)M=C=CH)2-
c
C4H2E][PF6]2 (M = Fe, E = O (9a), S (10a); M 
= Ru, E = O (9b), S (10b)) (Scheme F1). In situ deprotonation of 9a,b and 10a,b with KO
t
Bu 
produced 11a,b and 12a,b, respectively  (Scheme F1, Experimental Section). After appropri-
ate workup, compounds 11a,b and 12a,b were obtained as red (11a and 12a) or pale green 
(11b and 12b) solids in moderate yields (Experimental Section). 
 
Scheme F1. Synthesis of 5, 6 ((i) 50 °C, 12 h, 6 mol-% CuI, 0.5 mol-% [PdCl2(PPh3)2], 6 
mol-% PPh3), 9a,b, 10a,b, 11a,b and 12a,b. 
 
 
 
While the synthesis of 11a,b and 12a,b proceeded applying a straightforward synthesis pro-
tocol (Scheme F1), the use of OsBr(dppe)Cp did not afford the expected isostructural com-
pounds 2,5-((η5-C5H5)(dppe)OsC≡C)2-
c
C4H2E (E = O, S). Modification of the reaction condi-
tions (different solvents, temperatures, reaction times and bases) also did not result in the de-
sired products. 
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Compounds 11a,b and 12a,b are less soluble in hexane, toluene and diethyl ether, however, 
they show excellent solubility in dichloromethane and tetrahydrofuran. They are stable to-
wards air and moisture in the solid state, while in solution they readily decompose when ex-
posed to air, but are stable under inert gas atmosphere. Characterization details for 11a,b and 
12a,b (
1
H, 
13
C{
1
H}, 
31
P{
1
H} NMR, IR spectroscopy, ESI-TOF mass spectrometry and ele-
mental analysis) are given in the Experimental Section and in the Electronic Supporting In-
formation. The structures of 11a and 12a,b in the solid state are reported. In addition, (spec-
tro)electrochemical measurements (in situ IR, UV-Vis/near-IR, ESR) were carried out to in-
vestigate the electronic properties of the mixed-valent species. 
The 
1
H NMR spectra of 11a,b and 12a,b show a characteristic singlet for the η5-bonded cy-
clopentadienyl groups in the range of 4.2–4.7 ppm, whereby the heavier ruthenium atom 
causes a shift to lower field. For the heteroaromatic moiety 
c
C4H2E a singlet (11a, 5.75 ppm; 
11b, 5.70 ppm; 12a, 6.29 ppm; 12b, 6.26 ppm) for the protons in 3,4-position was detected. 
Due to the different electron density in the heterocycles the signals of 12a,b are shifted to 
lower field, when compared with the signals of the isostructural furan complexes. 
F57
 In the 
1
H 
NMR the aromatic phenyl protons of the dppe group are observed as triplets. 
F58
  
Characteristic in the 
13
C{
1
H} NMR spectra of all complexes are the signals for the ethynyl 
units, which resonate at ca. 117 ppm (C≡C-M) and ca. 135 ppm (C≡C-cC4H2E), respectively 
(Experimental Section). Noteworthy in the 
13
C{
1
H} NMR spectra of 11a,b and 12a,b is that 
the phenyl carbon atoms close to the phosphorus nuclei show resonance signals with triplet 
and/or doublet-of-triplet multiplicities (Experimental Section). Metzinger has shown within a 
study of symmetric diphosphanes that triplet multiplicities for protons occur, when the P,P 
coupling constant JPP exceeds the tenfold value of JHP (JPP ≥ 10·JHP) exposing such signal 
pattern as deceptively simple. 
F58,F59
 Furthermore, due to the prochirality two sets of signals 
were detected for the phenyl substituents at each phosphorus atom. The 
31
P{
1
H} NMR spectra 
of 11a,b and 12a,b display one resonance signal for the dppe ligands at 120 ppm for the iron 
complexes and at 100 ppm for the ruthenium species (Experimental Section). A characteristic 
νC≡C vibration (11a, 2049 cm
-1
; 11b, 2062 cm
-1
; 12a, 2044 cm
-1
; 12b, 2053 cm
-1
) is observed 
for the alkynyl unit in 11a,b and 12a,b in the IR spectra, which is in accordance to metal-
coordinated acetylides. 
F13-F15,F55,F56,F60
  
The molecular structures of 11a (Figure F1) and 12a,b (Figure F2) in the solid state were 
determined by single crystal X-ray diffraction analysis. The respective organometallic com-
pounds were crystallized by diffusion of hexane into a tetrahydrofuran solution containing 
11a, or diffusion of toluene into a dichloromethane solution containing 12a or 12b at ambient 
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temperature. Important bond distances (Å), bond angles (°) and torsion angles (°) are summa-
rized in the captions of Figures F1 and F2. For crystal and structure refinement data see Ex-
perimental Section.  
Compounds 11a and 12a,b crystallize in the monoclinic space group P21/c with one mole-
cule in the asymmetric unit. Comparing the central five-membered heterocyclic cores, signifi-
cant differences between the C,C single (C2–C3) and C,C double (C1–C2 and C3–C4) 
bonds 
F57,F61
 are present in 11a and 12a (C–C: 11a, 1.413(4); 12a, 1.411(5); longest C=C 
bond: 11a, 1.363(4); 12a, 1.359(5) Å) in contrast to 12b (C–C: 1.387(5); longest C=C bond: 
1.369(5) Å), which indicates a higher delocalization in the Ru-containing thiophene. To the 
best of our knowledge, the only reported and crystallographic characterized examples of end-
on transition metal bonded MC≡C–cC4H2E–C≡CM heterocyclic compounds contain Au, Pt 
and Hg metal fragments (E = S), the C≡C bond lengths are similar to the ones observed for 
11a, 12a and 12b. 
F62-F65
 The M–M (M = Fe, Ru) distances in 11a and 12a,b increase, as ex-
pected, by increasing the size of the transition metal atoms (Fe: 11a, 10.9056(5); 12a, 
11.3397(7); Ru: 12b, 11.6880(5) Å) and furthermore, by changing the heteroelement of the 
five-membered cycle from oxygen (11a, 10.9056(5) Å) to sulphur (12a, 11.3397(7) Å). 
F45
  
 
Figure F1. ORTEP diagram (50 % probability level) of the molecular structure of 11a with 
the atom numbering scheme. Hydrogen atoms and solvent molecules have been omitted for 
clarity. Selected bond distances (Å), angles (°) and torsion angles (°): average D–Fe = 1.723, 
C34–C35 = 1.363(4), C35–C36 = 1.413(4), C36–C37 = 1.358(4), C34–O1 = 1.390(3), C37–
O1 = 1.386(3), C33–C34 = 1.409(4), C32–C33 = 1.219(4), C32–Fe1 = 1.903(3), C37–C38 = 
1.414(4), C38–C39 = 1.219(4), C39–Fe2 = 1.903(3), P1–Fe1 = 2.1564(7), P2–Fe1 = 
2.1721(7), P3–Fe2 = 2.1620(7), P4–Fe2 = 2.1609(7); C35–C34–C33 = 131.7(2), C37–O1–
C34 = 106.69(19), O1–C37–C38 = 120.3(2), C32–Fe1–P1 = 87.92(8), C32–Fe1–P2 = 
84.77(8), C39–Fe2–P3 = 89.88(8), C39–Fe2–P4 = 86.31 (8), P1–Fe1–P2 = 85.83(3), P4–Fe2–
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P3 = 85.25(3), C33–C32–Fe1 = 178.0(2), C38–C39–Ru2 = 176.0(2); C34–C35–C36–C37 = -
0.5(3), C38–C37–O1–C34 = 179.6(2), P1–C18–C19–P2 = -36.1(2), P3–C57–C58–P4 = -
39.3(2), Fe1–C32–C33–C34 = -15(8), C37–C38–C39–Fe2 = -92(3), C18–P1–Fe1–C32 = -
71.23(12), C58–P4–Fe2–C39 = 58.52(12) (D denotes the centroid of C5H5). 
 
In 11a and 12a,b the size of the metal determines the M–centroid cyclopentadienyl distanc-
es (= D of C5H5) (average Fe–D: 1.72; average Ru–D: 1.90 Å), while the M–P distances (Fe–
P: 2.1564(7) to 2.1721(7); Ru–P: 2.2472(10) to 2.2595(9) Å) are not that sensitive (Figures F1 
and F2). The P–M–P angle decreases somewhat from M = Fe (11a and 12a, 85.25(3) to 
85.83(3) °) to Ru (12b, 82.91(3) and 83.28(4) °). The metallocenyl substituents slightly bend 
out of the heterocyclic plane with the maximum reached for the metal ions (11a, 0.351(8); 
12a, 0.403(11); 12b, 0.538(10) and –0.500(10) Å). This results in a somewhat C-shaped bend-
ing for 11a and 12a and a S-shape for 12b (Figure SI1). The rotation of the C5H5 cycle of the 
(η5-C5H5)(P2)MC≡C fragments (M = Fe, Ru; P2 see Table SI1) towards each other reveals an 
anti-arrangement for 11a and 12a,b, which is in accordance with the only literature reported 
example for M = Fe, 
F37
 whereas for M = Ru also deviating conformations are reported (Table 
SI1). 
F36,F37,F66-F73
  
 
Figure F2. ORTEP diagram (50 % probability level) of the molecular structures of 12a (left) 
and 12b (right) with the atom numbering scheme. Hydrogen atoms and solvent molecules 
have been omitted for clarity. Selected bond distances (Å), angles (°) and torsion angles (°): 
Compound 12a: average D–Fe = 1.713, C1–S1 = 1.748(3), C4–S1 = 1.749(4), C1–C5 = 
1.418(5), C5–C6 = 1.229(5), C6–Fe1 = 1.883(3), P1–Fe1 = 2.1580(11), P2–Fe1 = 2.1600(11), 
P3–Fe2 = 2.1712(11), P4–Fe2 = 2.1590(10); C2–C1–C5 = 129.1(3), C2–C1–S1 = 109.9(2), 
C6–Fe1–P1 = 89.41(12), C6–Fe1–P2 = 85.52(11), C39–Fe2–P3 = 84.26(11), C39–Fe2–P4 = 
88.30(10), P1–Fe1–P2 = 85.53(4), P4–Fe2–P3 = 85.77(4), C5–C6–Fe1 = 175.1(3), C38–C39–
Fe2 = 177.6(3); C1–C2–C3–C4 = 0.6(5), C38–C4–S1–C1 = 179.7(3), P1–C24–C25–P2 = 
39.8(3), P3–C57–C58–P4 = 32.3(3), C1–C5–C6–Fe1 = 66(8), C4–C38–C39–Fe2 = -32(13), 
C24–P1–Fe1–C6 = 74.93(16), C58–P4–Fe2–C39 = 68.97(16) (D = denotes the centroid of 
C5H5). Compound 12b: average D–Ru = 1.896, C1–S1 = 1.742(4), C4–S1 = 1.752(4), C1–C5 
= 1.433(5), C5–C6 = 1.200(5), C6–Ru1 = 2.020(4), P1–Ru1 = 2.2486(10), P2–Ru1 = 
2.2595(9), P3–Ru2 = 2.2525(10), P4–Ru2 = 2.2472(10); C2–C1–C5 = 108.3(3), C2–C1–S1 = 
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108.3(3), P1–Ru1–C6 = 82.38(10), P2–Ru1–C6 = 92.96(10), C39–Ru2–P3 = 87.13(10), C39–
Ru2–P4 = 84.54 (11), P2–Ru1–P1 = 82.91(3), P4–Ru2–P3 = 83.28(4), C5–C6–Ru1 = 
174.2(3), C38–C39–Ru2 = 173.6(3); C1–C2–C3–C4 = 0.6(5), C38–C4–S1–C1 = -18.8(3), 
P1–C24–C25–P2 = -51.3(3), P3–C57–C58–P4 = 41.6(3), C1–C5–C6–Ru1 = -27(5), C4–C38–
C39–Ru2 = -63(5), C24–P1–Ru1–C6 = 67.77(16), C58–P4–Ru2–C39 = -58.58(1) (D = deno-
tes the centroid of C5H5). 
 
2.2 Electrochemistry 
The electrochemical properties of 11a,b and 12a,b have been determined by cyclic volt-
ammetry (CV) and square-wave voltammetry (SWV) (Figure F3) (dichloromethane solutions 
containing the respective analyte (1.0 mM) and [
n
Bu4N][B(C6F5)4] (0.1 M) as supporting elec-
trolyte). 
F46,F74-F80
 The data of the CV measurements have been recorded at a scan rate of 
100 mV·s
-1
 at 25 °C and are summarized in Table F1. All redox potentials are referenced to 
the FcH/FcH
+
 redox couple (E°′ = 0 mV, FcH = Fe(η5-C5H5)2). 
F81
  
The metal atoms M (= Fe, Ru) of 11a,b and 12a,b could be oxidized separately showing 
two reversible redox events (Figure F3, Table F1). In addition to the redox events of the half-
sandwich moieties, a reversible redox process of the heterocyclic backbone was observed at 
higher potential, for 11a at E°3 = 835 mV and 12a at E°3 = 775 mV (Table F1). Compared to 
compounds 11a and 12a the redox events of the ruthenium derivatives 11b and 12b are shift-
ed to anodic potentials (Table F1), indicating that the ruthenium metal center is more difficult 
to oxidize. This fact is supported by, for example, 9,10-((η5-C5Me5)(dppe)MC≡C)2-
c
C10H8 
F17,F32
 (dichloromethane, [N(
n
Bu)4][PF6] as supporting electrolyte; M = Fe, E°1 = -400 
mV; M = Ru, E°1 = -170 mV) and 2,5-diferrocenyl/ruthenocenyl thiophene (E°1 = -94 mV, 
dichloromethane, [N(
n
Bu)4][B(C6F5)4]; 
F77
 E°1 = 281 mV, dichloromethane, [N(
n
Bu)4][BF4]
 
F82),  which show a similar trend of the potential values in accordance with the different ioni-
zation potentials of Fe2+ and Ru2+, respectively. F83 In the cyclic voltammogram of 11b and 
12b, however, an irreversible oxidation for the heterocyclic core and further oxidation (11b, 
1300 mV; 12b, 1215 mV) and reduction processes (between 200 and 1000 mV) occur (Figure 
F3). As a consequence of these irreversible events the follow-up products most likely decom-
pose and hence the concentration of 11b and 12b in solution is reduced. Therefore, measure-
ments in which a higher reversal potential is applied showed a less reversible behavior for E°1 
and E°2 of the half-sandwich moieties (Figure F3).  
KAPITEL F 
120 
 
Figure F3. Voltammograms of dichloromethane solutions containing 1.0 mmol·L
-1
 of 11a,b 
or 12a,b at 25 °C. Supporting electrolyte [
n
Bu4N][B(C6F5)4] (0.1 mol·L
-1
). Left: Cyclic volt-
ammograms (scan rate: 100 mV·s
-1
). Right: Square-wave voltammograms (scan rate: 
1 mV·s
-1
). Dotted lines: CVs of 11b and 12b in a low potential range including only the redox 
events of the half-sandwich termini. 
 
The redox splitting ∆E°′ between the MCp(dppe) moieties in 11a,b and 12a,b decreases 
from the furan (11a, 350 mV; 11b, 340 mV) to the thiophene species (12a, 315 mV; 12b, 285 
mV) (Table F1). A further decreasing trend is found from the iron- (11a, 12a) to the rutheni-
um-containing compounds (11b, 12b). A comparison of 11a and 12a with 2,5-diferrocenyl 
heterocycles (furan, ΔE°′ = 290 mV; thiophene, ΔE°′ = 260 mV) F77 shows a similar decreas-
ing trend of the redox separation. This progress can be explained with the stronger electronic 
coupling of the furan to the ferrocenyls or half-sandwich moieties, compared to thiophene, 
caused by the better overlap of the participating orbitals. 
F77
 Furthermore, the stronger elec-
tron donor capabilities of the FeCp(dppe) moiety 
F84
 as well as the direct metal-carbon bond 
are beneficial concerning electronic coupling to the heterocyclic bridge, when compared with 
the ferrocenyl analogues and thus higher redox separations can be achieved. In contrast to the 
iron complexes, RuCp(dppe) termini are mixing more efficiently with the C≡C π system, giv-
ing a higher ligand-based radical character of the frontier orbitals after oxidation, 
F7,F85
 which 
in turn leads to a destabilization of the aromatic bridging system. The observed redox separa-
tions are in the same range as the Cp*(dppe)MC≡C-substituted thiophenes (M = Fe, ΔE°′ = 
340 mV; F55 M = Ru, ΔE°′ = 320 mV), F56 furan (M = Fe, ΔE°′ = 440 mV) F86 and N-methyl 
pyrrole (M = Fe, ΔE°′ = 355 mV). F86 The high ΔE°′ values indicate intramolecular electronic 
11a
11b
12a
12b
-1.0 -0.5 0.0 0.5 1.0 1.5
Potential (V) vs FcH/FcH
+
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
50 µA
Potential (V) vs FcH/FcH
+
ia
ic
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interactions between the metal centers M (M = Fe, Ru) through the 2,5-
bis(ethynyl)heterocyclic core. The large KC values (Table F1) indicate sufficient thermody-
namic stability of the mixed-valent species and therefore, these molecules are well suited for 
spectroelectrochemical investigations (vide infra).  
 
Table F1. Cyclic voltammetry data (potentials vs FcH/FcH
+
), scan rate 100 mV·s
-1
 at a glassy 
carbon electrode of 1.0 mmol·L
-1
 solutions of the analytes in dry dichloromethane containing 
0.1 mol·L
-1
 of [
n
Bu4N][B(C6F5)4] as supporting electrolyte at 25 °C.  
compd. 
E°
1
 (mV)a 
 (∆Ep (mV))
b 
E°
2
 (mV)a 
 (∆Ep (mV))
b 
E°
3
 (mV)a 
 (∆Ep (mV))
b ΔE°′ (mV)
c K
C
d 
11a -750 (60) -400 (66) 835 (84) 350 9.33·10
5
 
11b -595 (72) -255 (76) 1015
e
 340 5.20·10
5
 
12a -710 (64) -395 (65) 775 (83) 315 2.21·10
5
 
12b -520 (64) -235 (76) 895
 e
 285 6.87·10
4
 
aE°′ = formal potential. bΔEp = difference between oxidation and reduction potential. 
cΔE°′ = potential difference 
between the two metal-based redox processes. 
d
KC = comproportionation constant (R·T·ln KC = ΔE°′·F). 
e
Oxida-
tion potential Epa. 
 
 
2.3 Spectroelectrochemistry 
2.3.1 UV-Vis/near-IR and IR Spectroelectrochemistry 
The spectroelectrochemical UV-Vis/near-IR and IR measurements were performed in an 
OTTLE (Optically Transparent Thin-Layer Electrochemistry) cell (quartz windows for 
UV/Vis-near-IR, CaF2 windows for IR). 
F87
 Dry dichloromethane solutions containing 
0.1 mol·L
-1
 of [
n
Bu4N][B(C6F5)4] as the supporting electrolyte and 2.0 mmol·L
-1
 of 11a,b or 
12a,b were used at 25 °C. The potentials have been increased stepwisely using step heights of 
25, 50 or 100 mV, whereby the neutral binuclear complexes 11a,b and 12a,b were oxidized to 
mixed-valent 11a,b
+
 and 12a,b
+
, resepectively, and finally to dicationic 11a,b
2+
 and 12a,b
2+
 
(11a
n+
, Figure F4; 11b
n+
, 12a,b
n+ 
Supporting Information, Figures SI2–SI4; n = 0, 1, 2). 
Neutral 11a,b and 12a,b showed ligand-centered π → π* transitions F57 at 350 to 400 nm in 
the visible region of the spectrum, while, as expected, no absorptions could be detected in the 
near-IR region (1000–3000 nm). Upon potential increase intense absorptions between 1000 
and 2000 nm were observed, demonstrating the formation of mixed-valent species 11a,b
+
 and 
12a,b
+
. With further oxidation to dicationic 11a,b
2+
 and 12a,b
2+
 the absorptions disappear. 
Simultaneously, a new band at ca. 750 nm occurs, which can be assigned to a LMCT transi-
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tion (= Ligand-to-Metal Charge Transfer). 
F55,F56
 Deconvolution of the spectra of 11a,b
+
 and 
12a,b
+
 was applied to determine the physical parameters (wavenumber (νmax), extinction 
(εmax), Full-Width-at-Half-Maximum (= FWHM) (∆ν1/2)) of the excitations in the near-IR re-
gion. The sum of the three overlapping Gaussian-shaped functions reflects the experimental 
graph. While the small and broad Gaussian function at around 10000 cm
-1
 represents a LMCT 
transition (Table F2, Figures F4 and SI2–SI4), the band shape reveals two low-energy π(dπ) 
→ π*(dπ) transitions, involving the metal-ligand-metal setup. F88 
 
 
Figure 4. UV-Vis/near-IR spectra of 11a at rising potentials vs Ag/AgCl: -200 to 250 mV 
(left top), 250 to 1000 mV (bottom). Right top: Deconvolution of the near-IR absorptions at 
250 mV of in situ generated 11a
+
 using three Gaussian-shaped graphs. Measurement condi-
tions: 25 °C, dichloromethane, 0.1 mol·L
-1
 [
n
Bu4N][B(C6F5)4] as supporting electrolyte. 
 
The band shapes fulfill the criteria for class III systems based on the two-state Hush model 
F89,F90
 for symmetric mixed-valent species, since the excitations are very intense (εmax ≥ 5000 
L·mol
-1
·cm
-1
). While the FWHM of the second excitation fits rather to a class II IVCT band, 
the small FWHM of the lower energy absorption complies with the class III criterium (∆ν1/2 ≤ 
2000 cm
-1
) (Table 2). 
F91  
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Table F2. UV-Vis/near-IR data of 11a,b
+
 and 12a,b
+
.
a 
compd. transition νmax (cm
-1
) εmax (L·mol
-1
·cm
-1
) ∆ν1/2 (cm
-1) 
11a+ 
π(dπ) → π*(dπ) 
π(dπ) → π*(dπ) 
LMCT 
5980 
7260 
10040 
21190 
16135 
3250 
1190 
2810 
2890 
11b+ 
π(dπ) → π*(dπ) 
π(dπ) → π*(dπ) 
LMCT 
8200 
9660 
11180 
7530 
6250 
2550 
1170 
2850 
5900 
12a+ 
π(dπ) → π*(dπ) 
π(dπ) → π*(dπ) 
LMCT 
5515 
6770 
9500 
17900 
16460 
2170 
1180 
3090 
1860 
12b+ 
π(dπ) → π*(dπ) 
π(dπ) → π*(dπ) 
LMCT 
7675 
9205 
10590 
12880 
7460 
5550 
1580 
1395 
2630 
a
In dichloromethane containing 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte at 25 °C. 
 
 
 
Figure F5. Solvent-dependency of 11b
+
 (2.0 mmol·L
-1
) in dichloromethane (red), acetonitrile 
(blue) and propylene carbonate (green). Measurement conditions: 25 °C, 0.1 mol·L
-1
 
[
n
Bu4N][B(C6F5)4] as supporting electrolyte. 
 
The solvatochromic behavior of these absorptions was studied exemplary with 11b using 
solvents with different dipole moments μ (dichloromethane (μ = 1.60 D), acetonitrile (μ = 3.93 
D), propylene cabonate (μ = 4.90 D)). F92 The measurements proved solvent independency for 
both absorptions in the near-IR range of the spectrum (Figure F5) indicating strong intramo-
lecular electronic interactions between the metal centers M/M
+
 (11a and 12a, Fe(II)/Fe(III); 
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11b and 12b, Ru(II)/Ru(III)) through the bis(alkynyl) heterocyclic core. The MCp*(dppe)-
substituted thiophene (M = Fe, F55 M = Ru F56) and furan analogs (M = Fe) F86 show absorp-
tions similar to the near-IR bands of 11a and 12a,b. Different ancillary ligands (Cp*), solvent 
effects and applied electrolytes are responsible for a variation of the intensity and band shape. 
Nevertheless, Lapinte F55 and Liu F56 found solvent-independent excitations with a high-
energy shoulder revealing two superimposed transitions by deconvolution.  
A possible reason for the complex excitation phenomena in the near-IR region of mixed-
valent 11a,b
+
 and 12a,b
+
 is presumably related to the presence of a couple of thermally acces-
sible conformers with varying excitation energies (Figure F6). Kaupp and Low demonstrated 
this behavior on the examples of [{Ru(dppe)Cp*}2(μ-C≡CC6H4C≡C)]
+
 and [trans-
{Ru(dppe)2Cl}2(μ-C≡CC6H4C≡C)]
+
. 
F93
 The latter complex is less encouraged to form various 
rotamers, due to its more symmetric coordination sphere, but [{Ru(dppe)Cp*}2(μ-
C≡CC6H4C≡C)]
+ 
can build conformers in which the orbitals of the redox-active unit are over-
lapping with different orbitals of the bridging units´ π system. Time-dependent DFT calcula-
tions showed that a decrease in the P-Ru-Ru-P dihedral angle leads to a decrease of confomers 
with valence-trapped electronic coupling character and therefore, a decrease in the intensity of 
the high-energy shoulder of the near-IR absortptions. 
F93 
 
 
 
Figure F6. Different conformations of the halfsandwich unit in 11 and 12 with respect to the 
bis(alkynyl) heterocyclic plane. 
  
The electronic coupling parameter Hab, 
F89-F91
 which indicates the strength of the electronic 
interaction between two redox-active termini, has been calculated according to the equation 
Hab = ½·νmax and is between 2750 and 4830 cm
-1
 for 11a,b and 12a,b (2,5-
(Cp*(dppe)FeC≡C)2-
c
C4H2O: Hab = 2665 cm
-1
; 
F86
 2,5-(Cp*(dppe)FeC≡C)2-
c
C4H2S: Hab = 
2515 cm
-1
; 
F55
 2,5-(Cp*(dppe)RuC≡C)2-
c
C4H2S: Hab = 3523 cm
-1 F56
). The coupling parame-
ters of 11a,b and 12a,b are in a comparable range, for example, the Creutz-Taube ion (Hab = 
3205 cm
-1
). 
F94
 Calculation of the Γ parameter (Γ = 1 – ((∆ν1/2)/(∆ν1/2)theo)) 
F91
 of mixed-valent 
11a,b
+
 and 12a,b
+
, a classification criterion of Brunschwig et al. 
F95
 for mixed-valent com-
pounds, gives values of 0.22 and 0.73 for the two near-IR excitations (Tables F2 and F3). 
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With Γ values ≥ 0.5 a further indication for strongly coupled systems is given. However, Γ 
values ≤ 0.5 of the second π(dπ) → π*(dπ) transitions rather classifies 11a,b+ and 12a,b+ as 
class II species. F95 The deconvolution methodology described above utilizes Gaussian shaped 
functions to simulate the experimental spectra. Part of the reason for the small bandwidths 
within class III systems is a low-energy cut-off of the bands at νmax 
F88
 and thus a Gaussian 
shaped spectral simulation overestimates the bands’ slope at the high energy side. Since the 
second near-IR absorption overlaps with the high energy side of the main absorption the pa-
rameters derived from this band should be handled with care (Figure F7). In this respect the 
high energy near-IR transition for all compounds cannot be assigned to class II or III unam-
biguously. While this band showed solvent-independency, a typical class III feature, the phys-
ical parameter derived from deconvolution (especially the FWHM value and the Γ criterion), 
however, argue for a class II assignment.   
 
Table F3. Hab and Γ parameter of 11a,b
+
and 12a,b
+
 for the π(dπ) → π*(dπ) transition. 
compd. transition Hab (cm
-1
)
a
 ∆ν1/2(theo) (cm
-1) Γd 
11a+ 
π(dπ) → π*(dπ) 
π(dπ) → π*(dπ) / IVCT 
2990 
3630 / 1083
b
 
2628 
4095 
0.55 
0.31 
11b+ 
π(dπ) → π*(dπ) 
π(dπ) → π*(dπ) / IVCT 
4100 
4830 / 760
b,c
 
4352 
4724 
0.73 
0.39 
12a+ 
π(dπ) → π*(dπ) 
π(dπ) → π*(dπ) / IVCT 
2758 
3385 / 1065
b
 
3569 
16460 
0.67 
0.22 
12b+ 
π(dπ) → π*(dπ) 
π(dπ) → π*(dπ) / IVCT 
3838 
4603 / 545
b
 
4210 
4611 
0.63 
0.69 
a
Calculated with the equation Hab = ½ νmax. 
b
Calculated with the equation Hab = 2.06·10
-2
·((ν
max
· ε
max
·∆ν
1/2)
½
/rab). 
As rab geometrical metal-metal distances derived from X-ray crystallographic data were used, see X-ray crystal-
lography part. 
c
rab (11.25 Å) has been estimated from the other values for 11a
+
 and 12a,b
+
. 
 d
Calculated with the 
equation Γ = 1 – ((∆ν
1/2)/(∆ν1/2)theo)). 
 
The electronic coupling for the furan derivatives 11a,b are higher than those of isostructural 
thiophenes 12a,b (Table F3, Figure F7). This difference most probably causes the individual 
differences in the respective ΔE°′ values as contribution to the resonance stabilization (11a, 
ΔE°′ = 350 mV, Hab = 2990 / 3630 cm
-1 → 12a, ΔE°′ = 315 mV, Hab = 2758 / 3385 cm
-1
; 11b, 
ΔE°′ = 340 mV, Hab = 4100 / 4830 cm
-1 → 12b, ΔE°′ = 285 mV, Hab = 3838 / 4603 cm
-1
). The 
resonance stabilization term (ΔGr), as contribution to the free energy of comproportionation, 
can be calculated for class III systems according to equation F1, whereas λ is the diadiabatic 
reorganization energy. 
F91,F95,F96
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     ∆𝑮𝒓 = −𝟐(𝑯𝒂𝒃 − 𝝀 𝟒⁄ )      (F1) 
It is reasonable that varying the heterocyclic unit (11 → 12) has no significant effect on the 
value of λ. Therefore, changes in ΔGr are predominantly caused by changes in the coupling 
parameter Hab. However, changing the metal from iron to ruthenium (a → b) has a significant 
impact on the diadiabatic reorganization energy and thus not only the different coupling pa-
rameters contribute to ΔGr and consequently to ΔE°′, but also the influence of λ becomes no-
ticeable. As a result of this, the ruthenium containing molecules 11b and 12b showed smaller 
ΔE°′ values despite possessing higher coupling parameters Hab. It can be concluded that the 
diadiabatic reorganization energy λ for the softer ruthenium atom, compared to iron, is small-
er and therefore overcompensates Hab.    
 
 
 
Figure 7. Comparison of the UV-Vis/near-IR spectra of 11a
+
,b
+
 and 12a
+
,b
+
. Measurement condi-
tions: 2.0 mM analyte, 25 °C, dichloromethane, 0.1 mol·L
-1
 [
n
Bu4N][B(C6F5)4] as supporting electro-
lyte. 
 
 
The IR-active alkynyl unit enables to investigate the degree of charge delocalization of the 
mixed-valent species on the IR time scale. 
F97,F98
 During the in situ IR spectroelectrochemical 
measurements the characteristic νC≡C vibrations at ca. 2050 cm
-1
 for the neutral complexes 11 
and 12, respectively, disappear (Figures F8 and SI5–SI7). Simultaneously a new band at low-
er energy (1980–1960 cm-1) appears owing to the formation of a mixed-valent species and 
therefore to a partially cumulenic character of the originally (η5-C5H5)(dppe)MC≡C unit (Fig-
ures F8 and SI5–SI7, Table F4). The detection of one narrow stretching vibration for 11a,b + 
and 12a,b
 +
 indicates that the single electron is delocalized between the two metal centers. 
Hence, complexes 11a,b and 12a,b are strongly coupled systems on the IR time scale. In 
comparison, for compounds with similar structural motifs, the appearance of two distinctive 
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νC=C stretching vibrations is observed within class II systems. 
F19,F35,F36
 Upon close inspection 
of the IR characteristics of 11a,b
 +
 and 12a,b
 +
 small shoulders at ca. 1945 cm
-1
 can be found, 
which may indicate the presence of a thermally accessible conformer with a more localized 
electronic structure. Further oxidation to dicationic 11a,b
2+
 and 12a,b
2+
 and the increase of 
the cumulenic character of the vibration led to a formal hypsochromical shift of the absorption 
band to 1920 cm
-1
. 
 
 
Figure F8. IR spectroelectrochemical spectra of 11a at rising potentials vs Ag/AgCl. Left: -
200 mV to 510 mV (11a → 11a+). Right: 510 mV to 1000 mV (11a+ → 11a2+). The blue line 
belongs to the mixed-valent species 11a
+
 and is labeled with νC=C. Measurement conditions: 
25 °C, dichloromethane solution containing 10.0 mmol·L
-1
 of 11a, 0.1 mol·L
-1
 
[N
n
Bu4][B(C6F5)4] as supporting electrolyte.  
 
Table F4. Spectroelectrochemical IR data for 11a,b
n+
 and 12a,b
n+
 (n = 0, 1, 2).
 
Compd. νC,C (cm
-1
) 
(n = 0)
 
νC,C (cm
-1
) 
(n = 1) 
νC,C (cm
-1
) 
(n = 2) 
11an+ 2052 1986 1930 
11bn+ 2065 1973 1932 
12an+ 2048 1982 1919 
12bn+ 2058 1961 1921 
 
To support the interpretations of the UV-Vis/near-IR and ESR spectra, exemplarily mono-
nuclear complex 2-(RuCp(dppe)-C≡C)-thiophene (15) was synthesized. The cyclic voltam-
mogram of 15 showed only one irreversible oxidation process of the Ru(dppe)Cp group at Epa 
= -170 mV (see Supporting Information, Figure SI8). It is suspected that upon oxidation a 
reactive radical cation is formed and polymerization as well as other side reactions can occur 
through the unsubstituted 5 position. Therefore, further spectroelectrochemical investigations 
were excluded. To suppress such processes, 2-(RuCp(dppe)-C≡C)-5-methyl thiophene (16) 
was synthesized. However, the CV also showed an irreversible oxidation at Epa = -190 mV 
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(Supporting Information, Figure SI8). Additionally, increasing the potential range to 900 mV 
a second more quasi-reversible redox-event (Epa = 600 mV) was observed, which can be as-
signed to the oxidation of the thiophene core. In contrast to the electrochemical stable ben-
zene-Ru(dppe)Cp from Low, 
F99
 the thiophenes are susceptible to diverse side-reactions when 
oxidized.  
 
2.3.2 ESR Spectroelectrochemistry 
Further confirmation of the delocalized nature of the cation radical 11a,b
+
 and 12a,b
+
 was 
obtained by in situ ESR spectroelectrochemistry studies and DFT calculations. Figure F9 
shows the X-band ESR spectra measured in situ during electrochemical oxidation of the com-
pounds at their first oxidation potentials. All species readily formed ESR-detectable signals at 
corresponding potentials whose intensity evolution during the electrochemical cycles correlat-
ed well with the transferred charge. The spectra of 11a
+
, 12a
+
 and 12b
+
 are featureless lines 
with the effective peak width of 6, 11 and 22 Gauss, respectively. For 11b
+
 a hyperfine struc-
ture is characteristic (albeit not-fully resolved) which origin is discussed below. 
F100
  
 
 
Figure 9. ESR spectra of electrochemically generated cation radicals measured at room tem-
perature (RT) and in frozen solution (105 K). Note the change of the sweep width for the fro-
zen solutions.  
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The isotropic g-factor values for all cation-radicals are close to 2.03–2.04 (Table F5); 
broad-field scans did not reveal the presence of any other ESR signals. The g-factors are no-
ticeably higher than the free electron value (2.0032) and point to a significant metal contribu-
tion to the spin density. At the same type, deviations from the free electron value can be con-
sidered as relatively small, when compared to Fe- and Ru-based radicals with predominant 
localization of the spin density on the metal centers. 
 
Table F5. Experimental and DFT-computed calculated g values for 11a,b
+
 and 12a
+
,b
+
. 
compd.  g1 g2 g3 Δg giso
a
 
11a
+
 
exp. 1.9997 2.0316 2.0650 0.0653 2.0347 
calc. (0,0) 2.0007 2.0284 2.0331 0.0324 2.0207 
calc (0,90) 2.0067 2.0366 2.1283 0.1216 2.0572 
12a
+
 
exp. 2.0058 2.0463 2.0728 0.0670 2.0423 
calc. (0,0) 2.0017 2.0345 2.0437 0.0421 2.0266 
calc (0,90) 2.0072 2.0395 2.1409 0.1337 2.0626 
11b
+
 
exp. n/a n/a n/a n/a 2.0322 
calc. (0,0) 1.9991 2.0331 2.0522 0.0531 2.0281 
 calc (0,90) 1.9999 2.0235 2.0569 0.0570 2.0268 
 exp. n/a n/a n/a n/a 2.0389 
12b
+
 
calc. (0,0) 1.9992 2.0396 2.0603 0.0610 2.0330 
calc (0,90) 2.0003 2.0286 2.0708 0.0704 2.0332 
a
Experimental giso values are for the room-temperature spectra; giso values obtained by averaging g-tensor com-
ponents determined in frozen solution are 2.0321 for 11a
+
 and 2.0416 for 12a
+
. 
 
Freezing solutions of 11a
+
 and 12a
+
 after their electrolysis afforded powder-like ESR spec-
tra with rhombic symmetry. The experimentally determined diagonal elements of the g-tensor 
spread the range from 1.9997 to 2.0321 in 11a
+
 and from 2.0058 to 2.0728 in 12a
+
. Anisotro-
py of the g-tensor, Δg, calculated as the difference between the largest and the smallest diago-
nal elements is 0.0653 in 11a
+
 and 0.0670 in 12a
+
. Dong and Hendrickson 
F101
 showed that 
anisotropy of the g-factor in radicals of mixed-valence complexes correlates with the electron 
transfer rate. In particular, the Δg values are smaller than 1.1 due to the delocalized spin den-
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sity character. The values determined in this work are much smaller than this threshold crite-
rion and thus the ESR study also confirms the delocalized nature of the complexes. 
 
2.4 DFT Calculations 
The electronic structures of 11a,b and 12a,b in the neutral and cationic states were studied 
by DFT calculations. First, atomic coordinates were optimized at the PBE/TZ2P level. Then, 
the frontier MO analysis, spin density distribution, time-dependent DFT calculations, as well 
as calculations of the ESR parameters were performed using a modified version of the B1LYP 
functional (denoted hereafter as B(35)LYP) in which the fraction of exact exchange was in-
creased to 35 % following the work of Kaupp et al.
 F93,F102
 They showed that this functional 
provides a balance description of localization/delocalization phenomena in mixed-valence 
complexes. In the B(35)LYP calculations, also ZORA scalar-relativistic corrections and 
COSMO solvation corrections (dichloromethane, ε = 9.08) were considered. The basis set was 
SARC-modified version of the def2-TZVP basis set specially tailored for calculations with 
ZORA correction (see Supporting Information for further details of calculations). 
 
 
Figure 10. (a) HOMO and HOMO-1 in 11a; (b) schematic description of the changes in MO 
population induced by oxidation and appearance of the new optical excitation (denoted by red 
arrow); (c) spin density isosurfaces in two rotamers of 11a
+
; (d) spin density isosurfaces in 
two rotamers of 11b
+
.
 In MO isosurfaces, yellow is “+” and cyan is “−”, in spin density 
isosurface, green is “+” and orange is “−”. Phenyl groups and hydrogen atoms are not shown 
for clarity. 
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Figure F10a shows the HOMO and HOMO-1 isosurfaces of 11a, which is well representa-
tive also for the other complexes. The HOMO is delocalized over the bridging unit with a 
large contribution of the central heterocycle. Metal contributions are rather small but not neg-
ligible either. On the contrary, in the HOMO−1 the metal contribution is enhanced, whereas 
the heterocycle contribution is almost negligible. A large part of the HOMO−1 is also delocal-
ized over the acetylide fragments. The relatively large gap between the two orbitals indicates 
delocalization of the cation radical. When the compound 11a is oxidized, the HOMO is de-
populated and a new optical excitation appears as shown in Figure F10b, which is responsible 
for near-IR bands in the absorption spectra of the cations. 
Since rotation of the half-sandwich units may result in a significant variation of the elec-
tronic structure of the complexes and even change a delocalized system into a localized one, 
special attention was devoted to this point in the cationic structures. To define a rotamer, we 
used two numbers in parenthesis, which correspond to rotation angles of each half-sandwich 
unit with respect to the heterocycle plane. In this notation, the rotamer shown in Figure F6-left 
is described as (0,0), whereas the rotamer shown in Figure F6-right with one unit rotated by 
90 ° is denoted as (0,90). The studies of the potential energy surface at the PBE/TZ2P level 
showed that the structures with (0,0), (0,180), and (180, 180) are almost isoenergetic and cor-
respond to the energy minima, whereas the structures with the rotation angles of 90 ° are en-
ergy maxima (see Supporting Information for further details). At the B(35)LYP level, the ro-
tamers (0,90) are only few kJ·mol
-1
 less stable than rotamers (0,0). Relative energies of (0,90) 
rotamers of 11a
+
 and 12a
+
 with respect to (0,0) rotamers are only 4 and 1 kJ/·mol
-1
, respec-
tively. For 11b
+
 and 12b
+
 the energies of the (0,90) rotamers are somewhat higher, 11 and 10 
kJ·mol
-1
, respectively, but still remain rather small. Thus, free rotation of the half-sandwich 
units is expected at room temperature, and therefore the spectral characteristics measured ex-
perimentally are averaged response of many rotamers. 
In spite of the similar energies, electronic structures of the rotamers can be substantially dif-
ferent. Figure F10c,d shows spin density distributions in (0,0) and (0,90) rotamers of 11a
+
 and 
11b
+
 (similar surfaces are obtained for 12a
+
 and 12b
+
). In the (0,0) rotamers the spin density 
is equally distributed over the metal centers and the bridge (Figure F10) and the shape of the 
lobes roughly resembles that of the HOMO. Mulliken spin populations of the metal atoms are 
0.23/0.26 in 11a
+
 and 0.16/0.16 in 11b
+
. The rotation of one half-sandwich unit by 90 ° results 
in significant changes of the spin density distribution, especially in 11a
+
. Spin populations of 
the metal atoms in the units at 0 ° are increased to 0.91 and 0.21 in 11a
+
 and 11b
+
, respective-
ly, whereas those of the metal atoms in the rotated units are decreased to 0.02 in 11a
+
 and 
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0.10 in 11b
+
 (note that 11a
+
 and 12a
+
 suffer from rather large spin contaminations and hence 
the values are probably too high). Thus, whereas (0,0) conformers are typical delocalized sys-
tems, (0,90) conformers exhibit substantial degree of localization.  
Coexistence of rotamers with localized and delocalized spin density distribution may be a 
reason of the two-band absorption pattern in the near-IR range (Figures F4, F5, F7 and Sup-
porting Information Figures SI2-SI4) as proposed earlier by Kaupp, Low and coworkers. 
F93
 
Indeed, TD-DFT computations show that the intense near-IR excitation in (0,0) rotamers has 
lower energy than in (0,90) rotamers (Figure F11; note that TD-DFT systematically overesti-
mates excitation energies). In Figure F11 also the difference electronic densities for the exci-
tations with the highest oscillator strength are shown. Similar to the spin density distribution 
described in Figure F10, the different excitation density in (0,0) rotamers is equally delocal-
ized over the two metals, whereas in (0,90) rotamers one of the metals has a higher contribu-
tion.  
 
Figure F11. TD-DFT predicted excitation spectra of 11a
+
 and 11b
+
 rotamers in the near-IR 
range and difference densities for the most intense excitations (red is “+” and blue is “−”). 
Phenyl groups and hydrogen atoms are not shown for clarity. 
 
Variation of the spin density distribution with rotation of the half-sandwich entities also 
manifests itself in the EPR parameters, especially in the g-tensor diagonal elements and iso-
tropic g-value. Table F5 compares experimental values to the computed ones. Neither (0,0) 
nor (0,90) rotamers alone are able to describe the experimental data for 11a
+
 and 12a
+
. The 
DFT-predicted g-tensor anisotropy and the isotropic g-factor are too small in (0,0) rotamers 
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and too large in (0,90) ones, however, their combination gives a reasonable match to the 
measured values.  
Rotational flexibility significantly affects hyperfine coupling (hfc) constants. Average 
31
P 
hfc constants in 11a
+
-(0,0) are 6.9 G and those of two 
1
H nuclei in the heterocycle are -2.2 G. 
Preferential localization of the spin density near one half-sandwich unit in the (0,90) rotamer 
leads to a large asymmetry of hfc values: phosphorus atoms are now divided into two pairs 
with 
31
P hfc constants of -10.7 and 1.2 G. 
1
H constants in 11a
+
-(0,90) are 0.4 and -1.6 G. A 
similar situation is predicted for the rotamers of 12a
+
: 
31
P hfc constants are 5.4 G in (0,0) and 
-12.1/1.1 G in the (0,90) rotamers, whereas 
1
H values are -1.7 and -0.5 G. Thus, 
31
P values in 
11a
+
 and 12a
+
 have similar absolute values but an opposite sign in (0,0) and (0,90) rotamers 
and are therefore largely cancel each other upon thermal averaging. 
A less profound effect has the internal rotation on the hfc constants in 11b
+
 and 12b
+
. Here 
the 
31
P hfc constants are near 10 G in (0,0) and 10.9/2.6 G in (0,90) rotamers and hence ther-
mal averaging is expected to produce the values near 7-8 G. 
1
H hfc constants are close to -2 G 
in both compounds. For the two isotopes of Ru with the nuclear spin 5/2 (
99
Ru (12.7%), 
101
Ru 
(17.1%)) theory predicts hfc values about 6 G (see Supporting Information for full details). 
Thus, in contrast to 11a
+
 and 12a
+
, 11b
+
 and 12b
+
 are predicted to have relatively large 
31
P 
hfc constants and also non-negligible hyperfine coupling with the two Ru isotopes. This ex-
plains why the EPR signals of 11b
+
 and 12b
+
 are significantly broader at room temperature 
than their 11a
+
 and 12a
+
 counterparts. The hyperfine structure partially resolved in the cation 
radical of 11b
+
 can be assigned predominantly to the 
31
P nuclei. 
 
3. Conclusion 
Within this study the synthesis of a series of iron and ruthenium half-sandwich alkynyl 
complexes bearing a thiophene or furan π-conjugated connectivity (2,5-((η5-
C5H5)(dppe)MC≡C)2-
c
C4H2E (E = O (11), S (12); M = Fe (a), Ru (b)) is reported. The appro-
priate Me3SiC≡C protected heterocycles were synthesized in a Sonogashira C,C cross cou-
pling reaction  and the following attachment of the MCp(dppe) moieties was realized in a 
three-step consecutive “one-pot” reaction. The influence of Fe and Ru and the heterocyclic 
core on the intramolecular electronic metal-metal interactions in the mixed-valent species has 
been investigated. The structures of 11a and 12a,b in the solid state were determined using 
single crystal X-ray diffraction analysis showing anti arrangements of the metal halfsandwich 
moieties towards each other. The electronic properties of 11a,b and 12a,b have been studied 
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by electrochemical measurements, whereby the respective compounds show well separated 
reversible one-electron redox events for the two redox-active termini. The calculated large KC 
values (6.87·10
4
 to 9.33·10
5
) validate their high thermodynamic stability. Further spectroelec-
trochemical studies indicated that the thiophene and furan units as bridging ligands in 11a,b 
and 12a,b, respectively, are beneficial for intramolecular electron transfer studies in the 
mixed-valent species. Mixed-valent 11a,b
+
 and 12a,b
+
 reveals charge delocalization within 
the UV-Vis/near-IR, ESR and on the IR time scale. In UV-Vis/near-IR studies 11a,b
+
 and 
12a,b
+
 show intense, narrow and solvent-independent π(dπ) → π*(dπ) absorptions. Due to the 
presence of a couple of thermally accessible conformers with varying excitation energies two 
near-IR absorptions are observed. The IR spectra give one narrow bathochromic shifted νC=C 
stretching vibration for 11a,b
+
 and 12a,b
+
, due the increasing cumulenic character of the (η5-
C5H5)(dppe)M=C=C moiety. For all compounds, the formation of cation radicals at the first 
reduction step was detected by ESR spectroscopy. The low anisotropy of the g-factor in fro-
zen solution is in accordance with the delocalized nature of the species. These results charac-
terize 11a,b and 12a,b as strongly coupled compounds according to the classification of Rob-
in and Day 
F54
 and enlarge the family of organometallic class III systems. 
F88,F103,F104
 Howev-
er, both spectroscopic (near-IR, IR, ESR) and computational (DFT/TD-DFT) results are best 
described by a mixture of least two thermally accessible rotation conformers of the organome-
tallic termini of 11a,b and 12a,b. While for one of the conformers (0,0) a delocalized struc-
ture is found rotation of one of the redox active moieties of 90 ° (0,90) results in a more local-
ized behavior.  
 
4. Experimental Section 
4.1 General conditions 
All reactions were carried out under an atmosphere of argon using standard Schlenk 
techniques. Drying of hexane, diethyl ether and dichloromethane was performed with a 
double column solvent filtration system, working pressure 0.5 bar. Tetrahydrofuran 
was purified by distillation from sodium/benzophenone ketyl, and methanol was puri-
fied by distillation from magnesium. Diisopropylamine was purified by distillation 
from calcium hydride.  
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4.2 Reagents 
2,5-Dibromothiophene, furan, KO
t
Bu,  N-bromosuccinimide, trimethylsilyl acetylene, 
coppe(I)iodide, potassium carbonate, tetra-n-butylammonium fluoride and ammonium hex-
afluorophosphate were purchased from commercial suppliers and used without further purifi-
cation. 2,5-Dibromofuran, 
F76
 2,5-bis(trimethylsilyl) thiophene (6), 
F56
 [Fe(η5-C5H5)(η
2
-
dppe)Cl] (7), 
F22,F105
 [Ru(η5-C5H5)(η
2
-dppe)Cl] (8), 
F106
 [Os(η5-C5H5)(η
2
-dppe)Br], 
F107
 
[
n
Bu4N][B(C6F5)4] 
F47,F75,F76,F79,F80,F108-F111
 and [PdCl2(PPh3)2] 
F112
 were prepared according to 
published procedures.  
 
4.3 Instruments 
1
H NMR (500.3 MHz), 
13
C{
1
H} NMR (125.8 MHz) and 
31
P{
1
H} NMR (202.5 MHz) 
spectra were recorded at 298 K in the Fourier transform mode. Chemical shifts are re-
ported in δ units (parts per million) using undeuterated solvent residues as internal 
standard (CDCl3: 
1
H at 7.26 ppm and 
13
C{
1
H} at 77.16 ppm; C6D6: 
1
H at 7.16 ppm and 
13
C{
1
H} at 128.06 ppm).  
 
4.4 Single Crystal X-ray diffraction analysis 
Data for 11a and 12a,b were collected on a diffractometer using graphite-
monochromatized Mo-Kα (λ = 0.71073 Å) (12a and 12b) or Cu-Kα radiation (1.54184 
Å) (11a). The molecular structures were solved by direct methods using SHELXS-97
 
F113
 and refined by full-matrix least-squares procedures on F
2
 using SHELXL-97. 
F114
 
All non-hydrogen atoms were refined anisotropically and a riding model was employed 
in the treatment of the hydrogen atom positions. Graphics of the molecular structures 
have been created by using ORTEP. 
F115
  
 
4.5 Electrochemistry 
Measurements on 1.0 mmol·L
-1
 solutions of the analytes in anhydrous air free di-
chloromethane containing 0.1 mol·L
-1
 of [
n
Bu4N][B(C6F5)4] as supporting electrolyte 
were conducted under a blanket of purified argon at 25 °C. A three electrode cell, 
which includes a Pt auxiliary electrode, a glassy carbon working electrode (surface 
area 0.031 cm
2
) and an Ag/Ag
+
 (0.01 mol·L
-1
 AgNO3) reference electrode mounted on 
a Luggin capillary was used. The working electrode was pretreated by polishing on a 
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microcloth first with a 1 μm and then with a 1/4 μm diamond paste. The reference elec-
trode was built from a silver wire inserted into a solution of 0.01 mol·L
-1
 [AgNO3] and 
0.1 mol·L
-1
 [
n
Bu4N][B(C6F5)4] in acetonitrile in a Luggin capillary with a Vycor tip. 
This Luggin capillary was inserted into a second Luggin capillary with a Vycor tip 
filled with a 0.1 mol·L
-1
 dichloromethane solution of [
n
Bu4N][B(C6F5)4]. 
F47,F75,F76,F78-
F80,F109-F111
 Successive experiments under the same experimental conditions showed 
that all formal reduction and oxidation potentials were reproducible within ±5 mV. 
Experimentally potentials were referenced against an Ag/Ag
+
 reference electrode but 
results are presented referenced against ferrocene 
F116,F117
 (FcH/FcH
+
 couple = 220 mV 
vs Ag/Ag
+, ΔEp =  61 mV; FcH = Fe(η
5
-C5H5)2) as an internal standard as required by 
IUPAC. 
F81
 When decamethylferrocene (Fc* = Fe(η5-C5Me5)2) was used as an internal 
standard, the experimentally measured potential was  converted into E vs FcH/FcH
+
 
(under our conditions the Fc*/Fc*
+
 couple was at -614 mV vs FcH/FcH
+
, 
ΔEp =  60 mV). 
F118
 Data were then manipulated on a Microsoft Excel worksheet to set 
the formal redox potentials of the FcH/FcH
+
 couple to E°′ = 0.00 V. The cyclic volt-
ammograms were taken after typical two scans and are considered to be steady state 
cyclic voltammograms in which the signal pattern differs not from the initial sweep. 
 
4.6 IR and UV-Vis/near-IR Spectroelectrochemistry 
The spectroelectrochemical measurements of 11a,b and 12a,b (2.0 mM) in anhy-
drous dichloromethane containing [
n
Bu4N][B(C6F5)4] (0.1 M) as the supporting elec-
trolyte were performed in an OTTLE (Optically Transparent Thin-Layer Electrochem-
istry) cell with quartz (UV/Vis-near-IR) or CaF2 windows (IR) 
F87
 at 25 °C. Between 
the spectroscopic measurements the applied potentials have been increased stepwisely 
using step heights of 25, 50 or 100 mV. At the end of the measurements the analyte 
was reduced at -500 mV for 15 min and an additional spectrum was recorded to prove 
the reversibility of the oxidations.  
 
4.7 ESR spectroelectrochemical measurements 
For the electrochemical ESR investigations a special flat cell 
F119-F121
 (dimensions 0.5 
x 8 x 40 mm
3
) with quartz windows was used. The three electrode cell utilized a lami-
nated platinum sheet as a working electrode (diameter of the opening in the lamination 
foil 4 mm) and a platinum wire as reference and counter electrode. The measurements 
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were carried out on 1.0 mmol·L
-1
 solutions of the analytes in anhydrous dichloro-
methane containing 0.2 mol·L
-1
 of [
n
Bu4N][B(C6F5)4] as supporting electrolyte. The 
ESR spectra were recorded using an EMX X-Band ESR spectrometer, whereby the 
ESR spectrometer was triggered by a potentiostat, and the triggering was performed 
using the software package Potmaster v2 × 43. 
 
4.8 Computational part 
Optimization of atomic coordinates was performed using PBE functional 
F122
 in Priroda 
code. 
F123,F124
 The basis sets were TZ2P-quality {6s,3p,2d}/(11,6,2) for C and O, {3s,1p}/(5,1) 
for H, {10s,6p,2d}/(15,11,2) for S, and SBK-type core effective potentials with 
{5s,5p,4d}/(9,9,8) valence parts for Fe and Ru. Following the finding of Kaupp et al. on the 
suitable fraction of the exact exchange term for a reliable description of mixed-valence com-
plexes, 
F93,F102
 calculations of all electronic properties reported in the manuscript were per-
formed using B1LYP functional with an exact exchange term increased to 35 %. These calcu-
lations were performed using Orca suite 
F125-F127
 with ZORA scalar relativistic correction, 
F128
 
COSMO solvation correction for dichloromethane, and full electron SARC-def2-TZVP 
F129
 
basis sets, including {311/1}/(5s1p) for H, {611111/411/11/1}/(11s6p2d1f) for C and O, 
{71111111/6111/21/1}/(14s9p3d1f) for S and P, {8111111111/611111/4111/1}/(17s11p7d1f) 
for Fe, and {811111111111/611111111/51111/1}/(19s14p9d1f) for Ru. 
 
4.9 General procedure – Synthesis of the 2,5-bis(trimethylsilyl)ethynyl heterocycles 5 
and 6.  
[PdCl2(PPh3)2] (0.5 mol-%) and [CuI] (6.0 mol-%) were added to degassed 
i
Pr2NH (20 mL) 
and the mixture was stirred at ambient temperature for 10 min. Then, 3 or 4, 2.1 eq of trime-
thylsilylacetylene and PPh3 (6.0 mol-%) were added, whereby the orange solution changed to 
dark brown. Within 10 min a precipitate formed and the reaction mixture was stirred over-
night at 50 °C. The crude product was worked-up by evaporation of the solvent and the resi-
due was dissolved in diethyl ether (50 mL) and filtered through a pad of Celite. The dark or-
ganic phase was evaporated and the crude product was purified by sublimation (temperature: 
50 °C, pressure: 5 mbar). 
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4.9.1 2,5-Bis(trimethylsilyl) furan (5)  
2,5-Dibromofuran (6.0 g, 26.5 mmol), 0.5 mol-% of [PdCl2(PPh3)2] (196 mg, 0.28 mmol), 
6.0 mol-% of [CuI] (637 mg, 3.35 mmol), 6.0 mol-% of PPh3 (878 mg, 3.35 mmol) and 2.1 eq 
of trimethylsilylacetylene (7.88 mL, 55.8 mmol). Yield: 2.064 g (7.92 mmol, 30 % based on 
2,5-dibromofuran); colorless solid, soluble in hexane. Anal. calcd for C14H20OSi2 (260.48 
g/mol) [%]: C, 64.55; H, 7.74; found: C, 64.58; H, 7.83. Mp.: 68 °C. 
1
H NMR [CDCl3, ppm] 
δ: 0.24 (s, 18 H, SiC3H9), 6.53 (s, 2 H, H-3/4). 
13
C{
1
H} NMR [CDCl3, ppm] δ: -0.26 
(SiC3H9), 93.80 (C4NC≡CSi), 100.56 (C4NC≡CSi), 116.43 (C-3/4), 137.48 (C-2/5). IR data 
[KBr, cm
-1] ν: 1502 (s, νC=C), 2157 (s, νC≡C), 2899 (w, νs-CH3), 2963 (m, νas-CH3), 3120, 3150 
(w, ν=C-H). HR-ESI-MS [m/z]: calcd for C14H20OSi2: 283.0945, found: 283.0968 [M+Na]
+
. 
  
4.10 General procedure – Synthesis of 2,5-((η5-C5H5)(η
2
-dppe)M(C≡C)2-
c
C4H2E (E = 
O (11), S (12); M = Fe (a), Ru (b))  
Compound 5 or 6 was dissolved in 30 mL of degassed methanol and 2.3 eq of K2CO3 were 
added in a single portion and the thus obtained reaction mixture was stirred overnight at am-
bient temperature. Then 2.2 eq of [M(η5-C5H5)(η
2
-dppe)Cl] (7, M = Fe; 8, M = Ru) and 2.3 eq 
of [NH4]PF6 were added in a single portion and the reaction mixture was refluxed for 3.5 h, 
whereby a color change from black to red (7) and from yellow to pale green (8) was observed. 
After cooling the reaction mixture to ambient temperature it was treated with 2.3 eq of KO
t
Bu 
and stirring was continued for 30 min. The resulting precipitate was filtered off and washed 
with methanol (15 mL) and hexane (20 mL). The product was purified by crystallization from 
tetrahydrofuran at ambient temperature. 
 
 4.10.1 2,5-((η5-C5H5)(η
2
-dppe)FeC≡C)2-
c
C4H2O (11a)  
2,5-Bis(trimethylsilyl)ethynyl furan (5) (114 mg, 0.44 mmol), 2.3 eq of K2CO3 (139 mg, 1.0 
mmol), 2.2 eq of 7 (534 mg, 0.96 mmol), 2.3 eq of [NH4]PF6 (164 mg, 1.0 mmol) and 2.3 eq 
of KO
t
Bu (113 mg, 1.0 mmol). Yield: 306 mg (0.26 mmol, 61 % based on 5); red solid, solu-
ble in dichloromethane and tetrahydrofuran. Anal. calcd for C70H60P4Fe2O (1152.81 g/mol) 
[%]: C, 72.93; H, 5.25; found: C, 72.80; H, 5.33. Mp.: 170 °C (decomp.). 
1
H NMR [C6D6, 
ppm] δ: 1.92 (m, 4 H, CH2-dppe), 2.60 (m, 4 H, CH2-dppe), 4.24 (s, 10 H, C5H5), 5.75 (bs, 2 
H, H-3/4), 6.95 (m, 8 H, C6H5/o-H), 7.01 (m, 4 H, C6H5/p-H), 7.13 (m, 8 H, C6H5/m-H), 7.16 
(m, 4 H, C6H5/p-H), 7.21 (m, 8 H, C6H5/o-H), 8.01 (m, 8 H, C6H5/m-H). 
13
C{
1
H} NMR 
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[C6D6, ppm] δ: 28.51-28.87 (dd, 
1/2
JC-P ~ 23 Hz,CH2-dppe), 79.78 (s, C5H5), 108.44 (s, C-3/4), 
111.80 (s, C-2/5), 117.57 (pt, 
2
JC-P = 25.33 Hz, FeC≡C), 127.85-127.92 (m, C6H5-m/m´), 
128.71, 129.32 (s, C6H5-p/p´), 132.49, 134.06 (pt, 
2
JC-P ~ 4 Hz, C6H5-o/o´), 137.52 (s, FeC≡C), 
138.91 (dt, 
1
JC-P = 24.8 Hz, 
4
JC-P = 5.8 Hz, Ci-C6H5), 142.72 (dt, Ci´-C6H5). 
31
P{
1
H} NMR 
[C6D6, ppm] δ: 119.58 (dppe). IR data [KBr, cm
-1] ν: 1093 (m, νC-O), 1432, 1482 (m, δ=C-H), 
1547 (m, νC=C), 2049 (s, νC≡C), 3045 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C70H60P4Fe2O: 
1152.2292, found: 1152.2290 [M]
+
. 
 
4.10.2 Crystal data for 11a  
Single crystals of 11a were obtained by diffusion of hexane into a tetrahydrofuran solution 
containing 11a at 25 °C. C70H60P4Fe2O, Mr = 1152.76 g·mol
-1
, crystal dimensions 0.35 x 0.25 
x 0.25 mm, monoclinic, P21/c, λ = 0.54184 Å, a = 9.6703(2) Å, b = 25.2992(5) Å, 
c = 22.6350(5) Å, β = 94.250 (2) °, V = 5522.4(2) Å3, Z = 4, ρcalcd = 1.386 g·cm
-3
, 
μ = 5.661 mm-1, T = 105 K, Θ range = 3.49–67.50 °, reflections collected 20438, independent 
9772, R1 = 0.0477, wR2 = 0.1215 [I ≥ 2σ(I)].  
 
4.10.3 2,5-((η5-C5H5)(η
2
-dppe)RuC≡C)2-
c
C4H2O (11b)  
2,5-Bis(trimethylsilyl)ethynyl furan (5) (107 mg, 0.41 mmol), 2.3 eq of K2CO3 (130 mg, 
0.94 mmol), 2.2 eq of 8 (542 mg, 0.90 mmol), 2.3 eq of [NH4]PF6 (154 mg, 0.94 mmol) and 
2.3 eq of KO
t
Bu (106 mg, 0.94 mmol). Yield: 258 mg (0.21 mmol, 50 % based on 5); pale 
green solid, soluble in dichloromethane and tetrahydrofuran. Anal. calcd for C70H60P4Ru2O 
(1243.26 g/mol) [%]: C, 67.62; H, 4.86; found: C, 67.37; H, 4.86. Mp.: 145 °C (decomp.). 
1
H 
NMR [C6D6, ppm] δ: 1.96 (m, 4 H, CH2-dppe), 2.61 (m, 4 H, CH2-dppe), 4.69 (s, 10 H, 
C5H5), 5.70 (s, 2 H, H-3/4), 6.93-7.00 (m, 16 H, C6H5), 7.18-7.24 (m, 16 H, C6H5), 7.99 (m, 8 
H, C6H5/m-H). 
13
C{
1
H} NMR [C6D6, ppm] δ: 28.30-28.67 (dd, 
1/2
JC-P ~ 22.95 Hz,CH2-dppe), 
83.06 (s, C5H5), 103.36 (s, C-2/5), 108.77 (s, C-3/4), 117.65 (pt, 
2
JC-P = 25.37 Hz, RuC≡C), 
127.87-127.96 (m, C6H5-m/m´), 128.82, 129.45 (s, C6H5-p/p´), 132.26, 134.26 (pt, 
2
JC-P ~ 5.2 
Hz, C6H5-o/o´), 138.23 (dt, 
1
JC-P = 27.3 Hz, 
4
JC-P = 3.6 Hz, Ci-C6H5), 139.27 (s, RuC≡C), 
142.93 (dt, 
1
JC-P = 25.8 Hz, 
4
JC-P = 9.0 Hz, Ci´-C6H5). 
31
P{
1
H} NMR [C6D6, ppm] δ: 98.76 
(dppe). IR data [KBr, cm
-1] ν: 1095 (m, νC-O), 1431, 1482 (m, δ=C-H), 1549 (m, νC=C), 2062 (s, 
νC≡C), 3044 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C70H60P4Ru2O: 1244.1680, found: 
1244.1682 [M]
+
. 
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4.10.4 2,5-((η5-C5H5)(η
2
-dppe)FeC≡C)2-
c
C4H2S (12a) 
2,5-Bis(trimethylsilyl)ethynyl thiophene (6) (50 mg, 0.18 mmol), 2.3 eq of K2CO3 (57 mg, 
0.42 mmol), 2.2 eq of 7 (220 mg, 0.40 mmol), 2.3 eq of [NH4]PF6 (68 mg, 0.42 mmol) and 
2.3 eq of KO
t
Bu (47 mg, 0.24 mmol). Yield: 113 mg (0.09 mmol, 54 % based on 6); red solid, 
soluble in dichloromethane and tetrahydrofuran. Anal. calcd for C70H60P4Fe2S (1168.88 
g/mol) [%]: C, 71.93; H, 5.17; found: C, 71.49; H, 5.23. Mp.: 210 °C (decomp.). 
1
H NMR 
[C6D6, ppm] δ: 1.88 (m, 4 H, CH2-dppe), 2.52 (m, 4 H, CH2-dppe), 4.21 (s, 10 H, C5H5), 6.29 
(bs, 2 H, H-3/4), 6.96 (m, 8 H, C6H5/o-H), 7.01 (m, 4 H, C6H5/p-H), 7.16 (m, 8 H, C6H5/m-H), 
7.20 (m, 4 H, C6H5/p-H), 7.26 (m, 8 H, C6H5/o-H), 7.97 (m, 8 H, C6H5/m-H). 
13
C{
1
H} NMR 
[C6D6, ppm] δ: 28.49-28.86 (dd, 
1/2
JC-P ~ 23 Hz,CH2-dppe), 79.61 (s, C5H5), 114.31 (s, C-2/5), 
the signal for FeC≡C could not be detected, 124.85 (s, C-3/4), 127.92 (m, C6H5-m/m´), 128.74, 
129.32 (s, C6H5-p/p´), 132.46, 134.01 (pt, 
2
JC-P ~ 4.2 Hz, C6H5-o/o´), 138.97 (dt, 
1
JC-P = 23.7 Hz, 
4
JC-P = 4.3 Hz, Ci-C6H5), 139.64 (s, FeC≡C), 142.84 (dt, Ci´-C6H5). 
31
P{
1
H} NMR [C6D6, 
ppm] δ: 119.72 (dppe). IR data [KBr, cm-1] ν: 1431, 1480 (m, δ=C-H), 1500 (m, νC=C), 2044 (s, 
νC≡C), 3046 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C70H60P4Fe2S: 1168.2064, found: 
1168.2019 [M]
+
. 
 
4.10.5 Crystal data for 12a  
Single crystals of 12a were obtained by diffusion of toluene into a dichloromethane solution 
containing 12a at 25 °C. C70H60P4Fe2S, Mr = 1168.82 g·mol
-1
, crystal dimensions 0.30 x 0.20 
x 0.09 mm, monoclinic, P21/c, λ = 0.71073 Å, a = 9.8267(2) Å, b = 25.4997(5) Å, 
c = 22.3763(6) Å, β = 92.369 (2) °, V = 5602.2(2) Å3, Z = 4, ρcalcd = 1.386 g·cm
-3
, 
μ = 0.714 mm-1, T = 107 K, Θ range = 2.93–26.00 °, reflections collected 27913, independent 
10947, R1 = 0.0548, wR2 = 0.1217 [I ≥ 2σ(I)].  
 
4.10.6 2,5-((η5-C5H5)(η
2
-dppe)RuC≡C)2-
c
C4H2S (12b) 
2,5-Bis(trimethylsilyl)ethynyl thiophene (6) (113 mg, 0.41 mmol), 2.3 eq of K2CO3 (130 
mg, 0.94 mmol), 2.2 eq of 8 (539 mg, 0.90 mmol), 2.3 eq of [NH4]PF6 (153 mg, 0.94 mmol) 
and 2.3 eq of KO
t
Bu (105 mg, 0.94 mmol). Yield: 360 mg (0.29 mmol, 70 % based on 6); 
pale green solid, soluble in dichloromethane and tetrahydrofuran. Anal. calcd for 
C70H60P4Ru2S (1259.33 g/mol) [%]: C, 66.76; H, 4.80; found: C, 66.77; H, 4.90. Mp.: 210 °C 
(decomp.). 
1
H NMR [C6D6, ppm] δ: 1.93 (m, 4 H, CH2-dppe), 2.55 (m, 4 H, CH2-dppe), 4.67 
(s, 10 H, C5H5), 6.26 (s, 2 H, H-3/4), 6.95-7.00 (m, 16 H, C6H5), 7.20-7.29 (m, 16 H, C6H5), 
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7.96 (m, 8 H, C6H5/m-H). 
13
C{
1
H} NMR [C6D6, ppm] δ: 28.20-28.57 (dd, 
1/2
JC-P ~ 22.95 
Hz,CH2-dppe), 82.89 (s, C5H5), 105.52 (s, C-2/5), 117.63 (pt, 
2
JC-P = 25.62 Hz, RuC≡C), 
125.27 (s, C-3/4), 127.50-127.75 (m, C6H5-m/m´), 128.83, 129.45 (s, C6H5-p/p´), 132.26 (pt, 
2
JC-
P ~ 5.0 Hz, C6H5-o), 133.10 (s, RuC≡C), 134.19 (pt, 
2
JC-P ~ 5.3 Hz, C6H5-o´), 138.20 (dt, 
1
JC-P 
= 28.3 Hz, 
4
JC-P = 4.4 Hz, Ci-C6H5), 143.00 (dt, 
1
JC-P = 25.3 Hz, 
4
JC-P = 8.6 Hz, Ci´-C6H5). 
31
P{
1
H} NMR [C6D6, ppm] δ: 98.74 (dppe). IR data [KBr, cm
-1] ν: 1433, 1478 (m, δ=C-H), 
1500 (m, νC=C), 2053 (s, νC≡C), 3047 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C70H60P4Ru2S: 
1260.1452, found: 1260.1410 [M]
+
. 
 
4.10.7 Crystal data for 12b  
Single crystals of 12b were obtained by diffusion of toluene into a dichloromethane solu-
tion containing 12b at 25 °C. C70H60P4Ru2S, Mr = 1259.26 g·mol
-1
, crystal dimensions 0.38 x 
0.30 x 0.20 mm, monoclinic, P21/c, λ = 0.71073 Å, a = 16.8002(5) Å, b = 15.7240(4) Å, 
c = 22.0975(7) Å, β = 104.717(3) °, V = 5645.9(3) Å3, Z = 4, ρcalcd = 1.481 g·cm
-3
, 
μ = 0.729 mm-1, T = 293 K, Θ range = 2.85–25.68 °, reflections collected 39855, independent 
10684, R1 = 0.0495, wR2 = 0.1306 [I ≥ 2σ(I)]. 
 
4.11 General procedure – Synthesis of 15 and 16 
2-(Trimethylsilyl)ethynyl thiophene (13) or 2-(Trimethylsilyl)ethynyl-5-methyl thiophene 
(14) was dissolved in 30 mL of degassed methanol and 2.3 eq of K2CO3 were added in a sin-
gle portion and the thus obtained reaction mixture was stirred overnight at ambient tempera-
ture. Then 2.2 eq of [Ru(η5-C5H5)(η
2
-dppe)Cl] (8) and 2.3 eq of [NH4]PF6 were added in a 
single portion and the reaction mixture was refluxed for 3.5 h. After cooling the reaction mix-
ture to ambient temperature it was treated with 2.3 eq of KO
t
Bu and stirring was continued for 
2 h. The resulting precipitate was filtered off and washed with methanol (15 mL) and hexane 
(20 mL). The product was dried in an oil pump vacuum. 
 
4.11.1 2-((η5-C5H5)(η
2
-dppe)RuC≡C)-cC4H3S (15)  
2-(Trimethylsilyl)ethynyl thiophene (13) (60 mg, 0.33 mmol), 1.3 eq of K2CO3 (60 mg, 
0.43 mmol), 1 eq of 8 (200 mg, 0.33 mmol), 1.3 eq of [NH4]PF6 (71 mg, 0.43 mmol) and 1.3 
eq of KO
t
Bu (48 mg, 0.43 mmol). Yield for C37H32P2RuS (671.73 g/mol): 115 mg (0.17 
mmol, 51 % based on 13); yellow solid, soluble in dichloromethane and tetrahydrofuran. Mp.: 
218 °C. 
1
H NMR [C6D6, ppm] δ: 1.92-2.03 (m, 2 H, CH2-dppe), 2.49-2.60 (m, 2 H, CH2-
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dppe), 4.70 (s, 5 H, C5H5), 6.50-6.51 (m, 2 H, H-3/5), 6.63 (dd, 1 H, 
3
JH-H = 5.0 Hz, 
4
JH-H = 
3.7 Hz, H-4), 6.96-7.00 (m, 6 H, C6H5), 7.19-7.23 (m, 6 H, C6H5), 7.30 (m, 4 H, C6H5/p-H), 
7.98 (m, 4 H, C6H5/m-H). 
13
C{
1
H} NMR [C6D6, ppm] δ: 28.25-28.62 (dd, 
1/2
JC-P ~ 23 
Hz,CH2-dppe), 83.00 (s, C5H5), 104.30 (s, C-2), 120.22 (s, C-5), 122.25 (pt, 
2
JC-P = 25.5 Hz, 
RuC≡C), 125.39 (s, C-3), 126.19 (s, C-4), 127.96-128.04 (m, C6H5-o/m), 128.94, 129.60 (s, 
C6H5-p/p´), 132.05 (pt, 
2
JC-P ~ 5.4 Hz, C6H5-o´), 132.56 (pt, 
3
JC-P = 1.6 Hz, RuC≡C), 134.29 (pt, 
2
JC-P ~ 5.2 Hz, C6H5-m´), 137.80 (dt, 
1
JC-P = 28.0 Hz, 
4
JC-P = 4.5 Hz, Ci-C6H5), 142.91 (dt, 
1
JC-P 
= 26.5 Hz, 
4
JC-P = 9.7 Hz, Ci´-C6H5). 
31
P{
1
H} NMR [C6D6, ppm] δ: 98.95 (dppe). IR data 
[KBr, cm
-1] ν: 1091 (s, νC-C), 1432, 1481 (m, δ=C-H), 1571, 1582 (w, νC=C), 2069 (s, νC≡C), 
2903, 2923 (w, νs-CH3), 2984 (w, νas-CH3), 3048 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for 
C37H32P2RuS: 672.0747, found: 672.0743 [M]
+
; calcd: 695.0645, found: 695.0599 [M+nNa]
+
. 
 
4.11.2 2-((η5-C5H5)(η
2
-dppe)RuC≡C)-5-methyl-cC4H2S (16)  
2-(Trimethylsilyl)ethynyl-5-methyl thiophene (14) (63 mg, 0.32 mmol), 1.3 eq of K2CO3 
(58 mg, 0.42 mmol), 1 eq of 8 (194 mg, 0.32 mmol), 1.3 eq of [NH4]PF6 (68 mg, 0.42 mmol) 
and 1.3 eq of KO
t
Bu (47 mg, 0.42 mmol). Yield for C38H34P2RuS (685.76 g/mol): 110 mg 
(0.16 mmol, 49 % based on 13); yellow solid, soluble in dichloromethane and tetrahydrofu-
ran. Mp.: 206 °C. 
1
H NMR [C6D6, ppm] δ: 1.96-2.03 (m, 2 H, CH2-dppe), 2.07 (d, 3 H, 
4
JH-H = 0.8 Hz, CH3), 2.55-2.62 (m, 2 H, CH2-dppe), 4.71 (s, 5 H, C5H5), 6.34 (dd, 1 H, 
3
JH-H 
= 3.4 Hz, 
4
JH-H = 1.1 Hz, H-4), 6.39 (d, 1 H, 
3
JH-H = 3.4 Hz, H-3), 6.95-6.98 (m, 6 H, C6H5), 
7.20-7.23 (m, 6 H, C6H5), 7.31 (m, 4 H, C6H5/p-H), 8.00 (m, 4 H, C6H5/m-H). 
13
C{
1
H} NMR 
[C6D6, ppm] δ: 15.36 (s, CH3), 28.26-28.63 (dd, 
1/2
JC-P ~ 23 Hz,CH2-dppe), 82.98 (s, C5H5), 
104.78 (s, C-2), 120.09 (pt,
 2
JC-P = 25.6 Hz, RuC≡C),  124.34 (s, C-4), 125.49 (s, C-3), 
127.95-128.05 (m, C6H5-o/m), 128.90, 129.58 (s, C6H5-p/p´), 130.67 (pt, 
3
JC-P = 1.6 Hz, 
RuC≡C), 132.08 (pt, 2JC-P = 5.3 Hz, C6H5-o´), 133.94 (s, C-5), 134.32 (pt, 
3
JC-P = 5.1 Hz,C6H5-
m´), 137.95 (dt, 
1
JC-P = 28.2 Hz, 
4
JC-P = 4.6 Hz, Ci-C6H5), 143.00 (dt, 
1
JC-P = 26.4 Hz, 
4
JC-P = 
9.6 Hz, Ci´-C6H5). 
31
P{
1
H} NMR [C6D6, ppm] δ: 99.03 (dppe). IR data [KBr, cm
-1] ν: 1091 (s, 
νC-C), 1433, 1480 (m, δ=C-H), 1585 (w, νC=C), 2065 (s, νC≡C), 2848 (w, νs-CH3), 2913 (w, νas-CH3), 
3049 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C38H34P2RuS: 686.0904, found: 686.0892 [M]
+
. 
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Die Synthese und die Charakterisierung aller aufgeführten Verbindungen sowie die elektro-
chemischen und in situ UV-Vis/NIR Untersuchungen der Komplexe 10-13 erfolgten durch 
den Autor. In Zusammenarbeit mit Herrn Dr. Hildebrandt wurden die Ergebnisse diskutiert. 
Kristallographische Untersuchungen wurden von Herrn Korb durchgeführt und ausgewertet. 
Messungen zur Solvatochromie erfolgten durch den Autor mit Hilfe des bereitgestellten 
Equipments des Professur Polymerchemie der TU Chemnitz. Die Auswertung der erhaltenen 
Daten wurde durch Frau Dr. Schreiter vorgenommen. Zusätzlich wurden in einer Kooperation 
mit der Arbeitsgruppe von Prof. Winter aus Konstanz IR- und ESR-spektroelektrochemische 
Messungen durchgeführt und DFT-Rechnungen angefertigt. Die Auswertung und Diskussion 
erfolgten bzw. werden durch die Kooperationspartner erfolgen. 
 
1. Introduction 
Since the late 1960s, 
G1-G4
 complexes of type HRuCl(CO)(PR3)2L (R = Me, Ph, cyclohexyl, 
i
Pr; L = free coordination site or redox-innocent two-electron donor ligand) 
G5,G6
 have attract-
ed considerable attention, due to their high catalytic activity in, for example, hydrogenation 
reactions. 
G7-G9
 Examples are the selective hydrogenation of terminal alkenes by 
HRuCl(CO)(PPh3)2 (the so-called Wilkinson-Chatt-Hayter catalyst), 
G1
 the catalytic dehydro-
genation of isopropyl alcohol to acetone 
G10
 or of dialdehydes to lactones, 
G9
 the catalytic hy-
drosilylation of alkynes, 
G11-G13
 the coupling of terminal alkynes with carboxylic acids to enol 
esters 
G4,G7,G14
 or the coupling of terminal alkynes to conjugated enynes. 
G15
 The formation of 
ruthenium alkenyl intermediates was inevitably observed, whenever alkyne substrates are 
involved. 
G16
 More recently it was found that such ruthenium alkenyl complexes display a 
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well-behaved redox chemistry and are thus well-suited for the investigation of intramolecular 
electron transfer processes in organometallic compounds comprising two or more of such 
redox-active sites. 
G17-G29
 In addition to their relatively low oxidation potentials, their associ-
ated radical cations are quite stable and can thus be investigated by electronic, vibrational and 
EPR spectroscopy.  
In 2006, spectroscopic and quantum chemical studies on 1,3- and 1,4-divinylphenylene-
bridged diruthenium complexes 
G19
 revealed that the oxidation of the molecules is mainly 
centered on the organic bridging units, rendering them “non-innocent” ligands. G30-G32 It is 
thus not surprising that any modification of the bridge has large impact on the charge and spin 
delocalization of the respective mixed-valent radical cation. By introducing various donor or 
acceptor substituents in 2,5-and 2,3- positions at the arylene group in complexes 
{RuCl(CO)(PMe3)3}2(μ-CH=CH-C6H2R2-CH=CH) by the groups of Low, 
G23
 Liu 
G21,G33
 and 
Fu 
G34
 the redox-splittings ΔE°′ varied from 180 to 360 mV. G23 An extension of the π-
conjugated system by using stilbenyl bridges (E and Z isomers) 
G35
 between the terminal met-
al donors {RuCl(CO)(P
i
Pr3)2}(μ-CH=CH), or enforced π-stacking of two styryl ruthenium 
moieties in [2.2]paracyclophanes led to significantly decreased ΔE°′ values. G25 Nonetheless, 
the radical cations of the stilbenyl complexes showed full spin delocalization on the EPR time 
scale of ca. 10
-8
 s, while in the IR spectra two well-separated Ru(CO) vibrations were detect-
ed, signaling charge localization on the faster IR timescale of 10
-12
 s. Here one should consid-
er that the calculated splittings of the symmetric and asymmetric combinations of the Ru(CO) 
stretching frequencies in intrinsically delocalized mixed-valent cations amount to only few 
wavenumbers and are therefore too small to account for the observation of well-separated 
Ru(CO) bands. Besides the bridging ligands the phosphine coligands also seem to influence 
the electronic properties and stabilities of the oxidized forms. For example, substitution of the 
PPh3 coligands by P
i
Pr3 increases ΔE°′ in {RuCl(CO)(PR3)2}2(μ-CH=CH-C6H4-CH=CH-1,3) 
by 90 mV, 
G19
 whereas the second oxidation of isostructural diruthenium complexes bearing 
{RuCl(CO)(PMe3)3} moieties tends to be a chemically only partially reversible or irreversible 
process, in spite of the higher valence-electron count at the {Ru} sites. 
G19
 However, one 
should take into account that redox splittings do not necessarily correlate with the true elec-
tronic coupling, in particular when the redox process(es) receive strong contributions from the 
bridge. 
G36
  
Recently, we reported a series of diferrocenyl-appended aromatic heterocycles of the type 
2,5-Fc2-
c
C4H2E (Fc = Fe(η
5
-C5H5)(η
5
-C5H4); E = O, S, NR; R = CH3, C6H5, C6H4-4-NMe2, 
C6H4-4-OMe, C6H4-4-Me, C6H4-3-F, C6H4-4-CO2Et) and investigated the influence of the 
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heteroatom and the electronic properties of the pyrrole substituent on the efficacy of intramo-
lecular electron transfer. 
G37-G39
 Owing to the similar molecular geometries within this series, 
a correlation between the electrochemical redox-splitting ΔE°′ and the degree of electronic 
coupling in the mixed-valent species was found. One outcome of this study was the develop-
ment of a method to calculate the charge-transfer distance rab from a linear relationship be-
tween the oscillator strength and the redox-separation, which allowed to determine the elec-
tronic coupling matrix element Hab without having to rely on crystallographically determined 
metal-metal distances.
 G37-G39
 As a continuation of this study we here describe the synthesis 
and investigation of a series of divinylheterocycle-bridged diruthenium complexes of the type 
{RuCl(CO)(P
i
Pr3)2}2(μ-2,5-(CH=CH)2-
c
C4H2E) (E = NR; R = C6H4-4-NMe2, C6H4-4-OMe, 
C6H4-4-Me, C6H5, C6H4-4-CO2Et, C6H4-4-NO2, C6H3-3,5-(CF3)2, CH3; E = O, S). (Spec-
tro)electrochemical studies have been carried out in order to assess the effect of various sub-
stituents and heteroatoms on the ground-state delocalization of the respective mixed-valent 
systems. Contrary to the ferrocenyl-substituted derivatives (vide supra), their 
{RuCl(CO)(P
i
Pr3)2} appended counterparts offer charge-sensitive Ru(CO) stretching vibra-
tions and often resolved hyperfine splitting of the unpaired spin with 
31
P and 
99/101
Ru nuclei 
and thus act as convenient spectroscopic probes for the assessment of charge and spin delocal-
ization in their electronic ground states, which also will be reported here. 
 
2. Results and discussion 
2.1 Synthesis and characterisation 
N-Phenyl pyrroles 1a-c and 1e-g (1d was accessible from commercial suppliers) featuring a 
donor or acceptor substituent in para-position (1a-c, 1e-f) or CF3 substituents at the meta-
positions (1g) of the appended phenyl ring were synthesized by a copper-catalyzed Ullmann 
coupling reaction (Scheme G1). 
G40
 After purification of the thus prepared molecules by col-
umn chromatography, 1a-c,e-g were obtained as colorless solids in moderate to good yields. 
Further treatment of 1a-g or of N-methyl pyrrole with two equivalents of N-iodo-succinimide 
produced the 2,5-diiodo species 2a-g (Scheme G1, Experimental Section) or 2,5-diiodo-N-
methylpyrrole (3), respectively, in virtual quantitative yields 
G41
 As compounds 2a-g and 3 
tend to polymerize rapidly, they were used without further purification in a Sonogashira C,C 
cross-coupling reaction with trimethylsilyl acetylene to obtain compounds 6-9 (Scheme G2).  
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Scheme G1. Synthesis of 1a-g and 2a-g (DMSO = dimethyl sulfoxide; NIS = N-iodo-
succinimide; DMF = N,N- dimethylformamide). 
 
  
2,5-Bis(trimethylsilylethynyl)-heterocycles 6a-g and 7 were isolated as colorless (6a-d, 7), 
yellow (6f) or red-brown (6e,g) solids in moderate yields after purification by column chro-
matography (Experimental Section). The corresponding furan and thiophene derivatives 8 and 
9 were analogously prepared. 
G42
 The synthesis of the diruthenium complexes 10-13 was real-
ized by the two-step procedure as shown in Scheme G2. Deprotection of the alkynyl function-
alities was possible by cleavage of the C-Si bond of the C≡C-SiMe3 groups with an excess of 
[
n
Bu4N][F] in tetrahydrofuran. The subsequent addition of the respective terminal alkynes to a 
dichloromethane solution containing two equiv. of the hydride complex HRu(CO)Cl(P
i
Pr3)2 
afforded the corresponding vinyl species 10-13. The hydroruthenation, which is a regio- and 
sterospecific insertion of the Ru-H function into the C≡CH bond, G26,G35 was accompanied by 
a rapid color change from orange to purple.  
Scheme G2. Synthesis of 6a-g and 7-9 ((i): 50 °C, 12 h, 6 mol% [Cu(I)I], 0.5 mol% 
[PdCl2(PPh3)2], 6 mol% PPh3) and hydroruthenation of 6a-g and 7-9 forming 10a-g and 11-13 
(TBAF = tetra-n-butylammonium fluoride). 
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After appropriate work-up, compounds 10-13 were obtained as dark green (10a,b,f,g), brown 
(10e, 13) or intense purple (10c,d, 11, 12) solids in yields of 15 to 80 % (Experimental Sec-
tion). While 6-9 are stable towards air and moisture in the solid state, compounds 10-13 slow-
ly decompose on exposure to air over a period of 24 h; under inert gas atmosphere they are 
stable. Molecules 6-13 are soluble in most common organic solvents. In addition, compounds 
10-13 show a solvatochromic behavior arising from the association of the 16 valence-electron 
ruthenium moieties with the Lewis-basic solvents or by solvolytic cleavage of the Ru-Cl 
bonds to give cationic {(RCH=CH)Ru(CO)(P
i
Pr3)2(solv)2}
+
 (e. g., solvent = acetoni-
trile). 
G5,G43
 Both of these processes should largely inhibited in {Ru(η2-
O2CC6H5)(CO)(P
i
Pr3)2}2(μ-2,5-(CH=CH)2-
c
C4H2NC6H5) (10d-benz) with coordinatively sat-
urated 18 VE ruthenium moieties. The latter compound was synthesized by reacting 10d with 
in situ formed potassium benzoate and concomitant displacement of the chloro ligands (Ex-
perimental Section). The carboxylate unit acts as a bidentate four electron-donor ligand and 
hence reduces the interaction of the ruthenium metal center with solvent molecules. 
G28
 Nev-
ertheless, for 10d-benz the UV-Vis spectroscopic measurements within a series of 30 com-
mon solvents (Experimental Section, Supporting Information) with different dipolari-
ty/polarizability and hydrogen bonding capacity point rather on interactions of the complex 
with the solvents. Subsequent LSER (linear solvation energy relationship) analysis according 
to Catalán 
G44-G51
 showed no solvatochromism for 10d-benz (Figure SI1). 
The identity of all products was confirmed by combustion analysis, NMR (
1
H, 
13
C{
1
H}, 
31
P{
1
H}) and IR spectroscopy and by high resolution ESI-TOF mass spectrometry. Alkynes 
6-9 are characterized by one sharp νC≡C vibrational band at ca. 2050 cm
-1
 in the IR spectrum, 
while the Ru(CO) stretching vibrations for 10-13 occur at ca. 1910 cm
-1
. Considering that the 
energy of the Ru(CO) stretching frequency is sensitive to the electron density at the metal, 
one would expect to see some variation of ν(Ru(CO)) with the electronic nature of the N-
phenyl substituent, which is, however, rather small (vide infra).  
In the 
13
C{
1
H} NMR spectra of 6-9 the ethynyl carbon atoms give rise, as expected, to two 
resonance signals at ca. 95 ppm (Me3SiC≡C) and 100 ppm (Me3SiC≡C) (Experimental Sec-
tion). Characteristic for 10-13 is the appearance of the vinylic carbon atoms at ca. 125 ppm 
(RuCH=CH) and 145-149 ppm (RuCH=CH). These signals were assigned by 2D NMR exper-
iments, including COSY, HSQC and HMBC (Supporting Information, Figures SI2 and SI3, 
10a exemplary). Within the series of complexes 10a-g the 
13
C resonance signals of the carbon 
atoms at the heterocycle backbone tend to shift to lower field as the substituents at the N-
phenyl ring become more electron withdrawing. Larger effects are seen for the vinylic car-
KAPITEL G 
155 
bons with low-field shifts of ca. 3.5 ppm for RuCH=CH (   145 ppm in 10a-c and 148.5 
ppm in 10f) but a shift of ca. 2 ppm in the opposite direction for RuCH=CH ( = 126.2 ppm 
in 10a and 124.4 ppm in 10f). Minor, yet still notable effects are also observed for the 
{Ru(CO)Cl(P
i
Pr3)2} moieties. Thus, within the series of complexes 10a-g, the Ru(CO) reso-
nance experiences a slight shift from 203.8 to 203.4 ppm (Experimental Section). These re-
sults indicate that the electronic properties of the N-phenyl substituents are transmitted to 
some degree to the ruthenium metal centers. In 10d-benz, which, owing to the 18 VE count, is 
the most electron-rich complex of this series, the Ru(CO) resonance signal is shifted even 
further downfield to 209 ppm. In the 
1
H NMR spectra of 10-13 the vinyl protons display two 
well-resolved doublets-of-triplets at ca. 5.8-6.5 ppm (RuCH=CH) and 8.3-8.7 ppm 
(RuCH=CH) with 
3
JH-H = 13 Hz, which are typical for alkenyl complexes with E configured 
RuCH=CHR moieties.
19
 Lower coupling constants result from interactions of the hydrogen 
with the phosphorus atoms (
3
JP-H ~ 1.2 Hz; 
4
JP-H ~ 2.2 Hz). The larger 
4
JPH coupling constant 
raises from the rigid “W” configuration of H–C–C–Ru–P. G52  
The ESI-TOF mass spectra of 10-13 show the molecular ion peak [M]
+
 with the expected iso-
tope patterns for the dicationic complexes and further m/z fragments arising from the loss of 
the two chloro ligands, i. e. [M-2Cl]
2+
 (Experimental Section). 
 
2.2 X-ray Crystallography 
The Me3SiC≡C-functionalized heterocycles 6a, c, d and 7 and the furan- and thiophene-
biruthenium vinyl complexes 12 and 13 were characterized by single crystal X-ray diffraction 
analysis. Suitable crystals were obtained by evaporation of n-hexane (6c,d) or diethyl ether 
(7) solutions, by diffusion of n-hexane into a diethyl ether solution containing 6a, or by diffu-
sion of dimethyl sulfoxide into a diethyl ether solution containing 12 or 13 at ambient temper-
ature. Selected bond distances (Å), bond angles (°) and torsion angles (°) are summarized in 
the captions of Figures G1-G3 (6a, 6c, 12 and 13) and SI4 (6d and 7, Supporting Infor-
mation). Further details pertaining to the crystal and structure refinement data are summarized 
in the Supporting Infomation.  
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Figure G1. ORTEP diagram (50 % probability level) of the molecular structures of 6a (left) 
and 6c (right) with the atom numbering scheme. Hydrogen atoms and solvent molecules have 
been omitted for clarity. Selected bond distances (Å), angles (°) and torsion angles (°): Com-
pound 6a: C1–C2 = 1.380(3), C2–C3 = 1.397(3), C3–C4 = 1.379(3), C1–C5 = 1.419(3), C5–
C6 = 1.204(3), C6–Si1 = 1.835(2), C15–N1 = 1.442(2), C4–C10 = 1.416(3), C10–C11 = 
1.205(3), C11–Si2 = 1.827(2); C1–N1–C4 = 108.65(16), C2–C1–C5 = 130.54(18), C20–C15–
N1 = 120.23(16), C1–C2–C3 = 107.72(17), C5–C6–Si1 = 174.17(18); C1–C5–C6–Si1 = 
53.48.76; C4–C10–C11–Si2 = 16.85, C1–C2–C3–C4 = -0.5(2). Compound 6c: C1–C2 = 
1.377(2), C2–C3 = 1.397(3), C3–C4 = 1.374(2), C1–C5 = 1.421(3), C5–C6 = 1.198(2), C6–
Si1 = 1.844(2), C15–N1 = 1.429(2), C4–C10 = 1.417(2), C10–C11 = 1.201(2), C11–Si2 = 
1.836(2); C1–N1–C4 = 108.61(14), C2–C1–C5 = 128.84(17), C20–C15–N1 = 119.70(16), 
C1–C2–C3 = 107.80(16), C5–C6–Si1 = 176.43(17); C1–C5–C6–Si1 = -17.76; C4–C10–C11–
Si2 = 34.20, C1–C2–C3–C4 = 0.4(2). 
 
The title compounds crystallize in the triclinic space group P1¯  (6d), in the monoclinic space 
groups P21/c (6a) and P21/n (13) and in the orthorhombic space group Pbca (6c, 7, 12) with 
one crystallographically independent molecule in the asymmetric unit. Furthermore, the crys-
tal of thiophene 13 contains one molecule of diethyl ether as packing solvent, which was re-
fined over two sets of sights (60:40). Pyrroles 6a, 6c, 6d and 7 have comparable values for 
bond lengths and angles of the heterocycle and the phenyl ring showing no influence of the 
substituents at the nitrogen atom. The N-phenyl ring in 6a,c,d is rotated by 70.06(8) (6a), 
49.25(6) (6c) and 50.25(8) ° (6d) compared to the heterocyclic planes, avoiding an overlap of 
the π systems. The free electron pair of the NMe2 group of 6a is rotated by 88.5(3) ° with re-
spect to the C6 plane and thus allows conjugation. 
G53
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Figure G2. ORTEP diagram (30 % probability level) of the molecular structure of 12 with the 
atom numbering scheme. Hydrogen atoms have been omitted for clarity. Selected bond dis-
tances (Å), angles (°) and torsion angles (°): C1–C2 = 1.339(6), C2–C3 = 1.442(6), C3–C4 = 
1.368(6), C4–C5 = 1.414(7), C5–C6 = 1.365(6), C6–C7 = 1.446(6), C7–C8 = 1.348(6), C1–
Ru1 = 1.991(4), C8–Ru2 = 1.990(4), P1–Ru1 = 2.3962(12), P2–Ru1 = 2.4107(12), C9–O2 = 
1.153(6), C10–O3 = 1.149(5), Cl1–Ru1 = 2.4207(12), Cl2–Ru2 = 2.4114(12); C10–Ru2–Cl2 
= 173.62(15), P1–Ru1–P2 = 169.28(4), P3–Ru2–P4 = 171.13(4), C9–Ru1–Cl1 = 169.87(15), 
O2–C9–Ru1 = 177.1(4), O3–C10–Ru2 = 176.3(4); C1–C2–C3–O1 = -13.8(7), O1–C6–C7–
C8 = -11.4(7), Ru1–C1–C2–C3 = 176.3(4), C6–C7–C8–Ru2 = -179.8(3). 
 
Compounds 12 and 13 are the first crystallographically known examples of a five-membered 
heterocycle bearing a metal vinyl substituent in 2 and 5 position 
G54
 (Figures G2 and G3) fol-
lowed by a -bonded transition metal. Both compounds contain coordinatively unsaturated 
square-pyramidal bis(phosphine) Ru moieties with two trans-disposed P
i
Pr3 ligands (P–Ru–P 
angles for 12: 175.51(15) and 171.31(13) °; for 13: 175.51(15) and 171.31(13) °), a Cl ligand 
and one carbonyl substituent in the equatorial plane. The latter ones slightly deviate from an 
ideally square pyramidal shape with the trans-positioned CO–Ru–Cl angles ranging from of 
169.87(15)–173.62(15) ° (12) and 166.0(5)–161.3(4) ° (13). The free coordination site is trans 
to the vinyl ligand in the axial position.
 G20,G55,G56
 Thus, the angles of the axial vinyl substitu-
ent to the ligands in the equatorial C,Cl,P2 plane range from 86.4(5) to 112.3(4) ° with the Ru 
atoms slightly shifted by max. 0.223(4) Å (13) to the vinylic C atom. 
G57
 The C=C double 
bonds are rotated syn to each other and are directed towards the sulfur atom. The angles of the 
sp
2
-hybridized olefinic carbon atoms exhibit a significant increase by comparing the hetero-
cycle-bonded atoms with max. 126.5(14) ° for C7 in 13 to the carbon atoms attached to the 
metal with min. 133.0(11) ° for C8 in 13. The vinyl moieties and the heterocyclic core are 
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almost co-planar as evidenced by a maximum torsion angle of 18.3(5) ° in 12, allowing con-
jugations in both compounds (Figures G2 and G3).  
 
 
Figure G3. ORTEP diagram (30 % probability level) of the molecular structure of 13 with the 
atom numbering scheme. Hydrogen atoms and one molecule of diethyl ether have been omit-
ted for clarity. Selected bond distances (Å), angles (°) and torsion angles (°): C1–C2 = 
1.350(18), C2–C3 = 1.413(19), C3–C4 = 1.359(18), C4–C5 = 1.422(17), C5–C6 = 1.308(18), 
C6–C7 = 1.470(18), C7–C8 = 1.330(17), C1–Ru1 = 1.988(13), C8–Ru2 = 2.019(11), P1–Ru1 
= 2.373(4), P2–Ru1 = 2.405(4), C9–O1 = 1.120(15), C10–O2 = 1.192(15), Cl1–Ru1 = 
2.426(4), Cl2–Ru2 = 2.418(4); C10–Ru2–Cl2 = 161.3(4), P1–Ru1–P2 = 175.53(15), P4–Ru2–
P3 = 171.32(13), C9–Ru1–Cl1 = 166.0(5), O1–C9–Ru1 = 176.8(14), O2–C10–Ru2 = 
177.9(12); C1–C2–C3–S1 = -8(2), S1–C6–C7–C8 = 3.9(19), Ru1–C1–C2–C3 = 167.8(11), 
C6–C7–C8–Ru2 = 178.0(9). 
 
2.3 Electrochemistry 
The electrochemical properties of 10-13 were investigated by cyclic voltammetry (CV) and 
square-wave voltammetry (SWV) (Figure G4) using 1.0 mM analyte solutions in dichloro-
methane and [
n
Bu4N][B(C6F5)4] (0.1 M) as supporting electrolyte at ambient tempera-
ture. 
G37,G58-G64
 Pertinent data derived from measurements at a scan rate of 100 mV·s
-1
are 
summarized in Table 1. All redox potentials are referenced to the FcH/FcH
+
 redox couple (E°′ 
= 0 mV, FcH = Fe(5-C5H5)2). 
G65
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Figure G4. Voltammograms of dichloromethane solutions containing 1.0 mmol·L
-1
 of 10-13 
at 25 °C. Supporting electrolyte [
n
Bu4N][B(C6F5)4] (0.1 mol·L
-1
). Left: Cyclic voltammo-
grams (scan rate: 100 mV·s
-1
). Right: Square-wave voltammograms (step-height: 25 mV; pul-
se-width: 2 s; amplitude: 2 mV). 
 
 
As it can be seen from Figure G4, complexes 10-13 show two separate one-electron oxida-
tion processes for the ruthenium centers. With the exception of N-4-nitrophenyl (10f) and the 
N-Me pyrrole (11), for all other compounds both waves are chemically and electrochemically 
reversible as evidenced by the usual diagnostic criteria such as the ratios of the cathodic re-
verse and the anodic forward peak currents ip,c / ip,a near unity, the comparable magnitude of 
the peak potential separations ∆Ep with those of the internal FcH/FcH
+
 reference couple as 
well as the linearity of plots of ip,a values against the square root of the scan rate v. 
G66-G69
 For 
10f, the least electron-rich complex of this series, and 11 with the sterically least protected 
pyrrole nitrogen atom, the second oxidation to give 10f
2+
 and 11
2+
 appears to be only partially 
reversible (Figure G4). Thus, a small additional event is observed on the reverse scan indicat-
ing the formation of another chemical species following the second (10f), and in case of 11, 
even the first oxidation. The CVs of 10a and 10f show additional redox events for the oxida-
tion of the N,N-dimethylaminophenyl group 
G37,G39
 (10a, E°3 = 955 mV) or the reduction of 
the nitro group 
G70
 (10f, E°1 = -1555 mV) (Table G1), whereas the irreversible reduction pro-
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Potential (V) vs. FcH/FcH
+
10a
10b
10c
10d
10e
10f
10g
11
12
13
10d-benz
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
50 µA
Potential (V) vs. FcH/FcH
+
ia
ic
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cess at E°pc = -1350 mV in 10f is maybe caused by some decomposition of follow-up products 
formed during the electrochemical measurement. However, measuring the CV in a potential 
range from -1000 to 500 mV showed a more reversible behavior for E°2 and E°3 of the ruthe-
nium moieties of 10f (Figure G4).  
 
Table G1. Cyclic voltammetry data (potentials vs FcH/FcH
+
), scan rate 100 mV·s
-1
 at a 
glassy carbon electrode of 1.0 mmol·L
-1
 solutions of the respective complex in dry dichloro-
methane containing 0.1 mol·L
-1
 of [
n
Bu4N][B(C6F5)4] as supporting electrolyte at 25 °C.  
compd. 
E°
1
 (mV)a 
 (∆Ep (mV))
b
 [ipc/ipa] 
E°
2
 (mV)a 
 (∆Ep (mV))
b 
[ipc/ipa] 
ΔE°′ (mV)c KC [10
5
]
d 
10a
e
 -640 (80) [0.88] -145 (87) [0.91]
f
 495 2354 
10b -625 (76) [0.90] -135 (84) [0.95]
f
 490 1938 
10c -600 (70) [0.93] -115 (80) [0.95] 485 1595 
10d -600 (66) [0.94] -130 (83) ) [0.94]
f
 470 899 
10d-benz -790 (74) [0.95] -310 (80) [0.97]
f
 480 1313 
10e -600 (72) [0.87] -140 (82) [0.99] 460 602 
10f
g
 -495 (60) [0.81] -40 (62) [0.91]
f
 455 496 
10g -500 (68) [0.88] -50 (82) [0.92]
f
 450 408 
11 -645 (75) [0.85] -175 (82) [0.84] 470 899 
12 -455 (70) [0.85] -50 (72) [0.92]
f
 405 71 
13 -360 (65) [0.94] -10 (75) [0.99] 350 8 
aE°′ = Formal potential. bΔEp = Peak potential difference. 
cΔE°′ = Potential difference between the two consecu-
tive one-electron processes. 
d
KC = Comproportionation constant calculated according to the equation RTln KC = 
ΔE°′·F. eThird redox potential at E°
3
 = 995 mV (∆Ep = 90 mV; ipc/ipa = 0.87). 
f
ipa/ipc. 
g
First redox potential at E°
1
 = 
-1555 mV (∆Ep = 65 mV; ipa/ipc = 0.99).  
 
The mixed-valent (= MV) species 10
+
-13
+
, formed after the first oxidation, are thermody-
namically stable with respect to disproportionation; the comproportionation constant KC rang-
es from 8105 to 23.5107. It is also evident that the redox potentials of both processes shift to 
more negative values as the heterocyclic bridge becomes more electron-rich such that the re-
dox potentials E° follow the ordering S > O > NR and NO2 > CO2Et > H > Me > NMe2 with-
in the series of the 4-substituted N-phenyl pyrrole species. As observed for complexes with 
large bridge contributions to the “redox-orbitals” the separation between the individual redox 
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events ΔE°′ increases, with increasing electron-richness of the bridge. G26,G27 For example, the 
group of Liu 
G71
 found the same increasing trend for ΔE°′, when they investigated a series of 
dibenzoheterocycle-bridged divinyl ruthenium complexes (dichloromethane, [N(
n
Bu)4][PF6] 
as supporting electrolyte; [3,7-{RuCl(CO)(PMe3)3}2(μ-CH=CH-dibenzothiophene-CH=CH)], 
ΔE°′ = 187 mV; [3,7-{RuCl(CO)(PMe3)3}2(μ-CH=CH-dibenzofuran-CH=CH)], ΔE°′ = 196 
mV; [2,7-{RuCl(CO)(PMe3)3}2(μ-CH=CH-9H-carbazole-CH=CH)], ΔE°′ = 244 mV). 
 
 
Figure G5. Correlation of the ΔE°′ values and the σp Hammett constant of the substituents R 
at the phenyl core (value for 10g has been omitted), linear fit (R
2
 = 0.953, dotted black line). 
 
 
Within the series of the N-phenyl pyrrole-bridged complexes 10a-f a linear correlation be-
tween the ΔE°′ values and the σp Hammett constant 
G72
 of the respective substituents R in 4-
position of the phenyl ring is observed (Figure G5). The replacement of the 16 VE 
(CH=CH)Ru(CO)Cl(P
i
Pr3)2 moieties in 10d by the 18 VE (CH=CH)Ru(CO)(P
i
Pr3)2(O2CPh) 
unit in 10d-benz induces a sizable cathodic shift of both redox potentials, due to the electron-
donating character of the benzoate group, but has only a slight influence on ΔE°′. As it has 
been discussed on several occasions, the quantity ΔE°′, which in essence measures the free 
enthalpy differences between the different members of a redox series, is a multifactoral one 
with five different contributors. 
G73-G76
 In the context of MV species, the most interesting 
amongst these is the resonance contribution Gres,
 
which corresponds to intrinsic ground-state 
delocalization (or electronic coupling) in that state. In many systems of similar overall archi-
tecture ΔE°′ is, however, dominated by the electrostatic contribution Ge, which originates 
from increasing Coulombic repulsion on further charging of a molecule. Considering the case 
of neutral molecules that undergo two consecutive anodic processes, the latter is more anodi-
cally shifted, when a supporting electrolyte with the very weakly ion-pairing [B(C6F5)4]
-
 anion 
is used. 
G37,G58-G64
 Within the series of structurally identical complexes, as within this study, 
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all factors other than the resonance contribution that influence ΔE°′ can be assumed to be sim-
ilar such that the differences in ΔE°′ can be regarded as reflecting differences in the electronic 
coupling strengths. This has recently been analyzed in detail for a series of closely related 
hetereoycle-bridged complexes bearing ferrocenyl instead of the (CH=CH)Ru(CO)Cl(P
i
Pr3)2 
moieties. 
G37,G39,G77
 
On comparing these two series of compounds we note that the ΔE°′ values of 12 and 13 are 
by ca. 100 mV larger than those for the corresponding diferrocenes, whereas there is hardly 
any difference for their pyrrole-derived counter-parts.
 G37,G39,G77
 For both kinds of systems the 
effective electron transfer distance at the MV state is much lower than the spatial separation 
between the metal centers. 
G36,G78-G80
 For the ruthenium alkenyl complexes that particular 
property rests on the high ability of the (CH=CH)Ru(CO)Cl(P
i
Pr3)2 moiety to integrate into 
the π system of the parent alkyne RCCH, leading to an unusually large alkenyl ligand. In the 
case of aryl-bridged bis(alkenyl) ruthenium complexes, “bridge” contributions to the relevant 
“redox-orbital(s)” are registrated. G17,G19,G20,G23.G28,G81-G84 Assuming that only Gres is differing 
throughout the series, the electrochemical results hint that the spectroscopic features of 10-13 
are controllable by the choice of the electron-withdrawing or electron-donating functionality 
or the heteroatom within the bridging system. 
 
2.4 IR and EPR Spectroelectrochemisty 
As pointed out earlier, the overall change of ν(Ru(CO)) upon stepwise oxidation is an in-
dicative measure of the metal versus ligand contribution to the redox-process, while the pat-
tern of the Ru(CO) bands provides information on how the charge is distributed over the 
(CH=CH)Ru(CO)Cl(PiPr3)2 units in the MV state. Thus, the observation of a pattern of either 
just one or two resolved Ru(CO) bands in the MV state discriminates intrinsically delocalized 
MV species of this general architecture that belong to class III compounds according to the 
Robin and Day classification scheme from only partially delocalized or fully localized ones of 
classes II or I.85 With that in mind, IR spectroelectrochemistry experiments on 10-13 were 
performed. The high degree of chemical reversibility observed in the CV experiments also 
prevailed on the longer timescale of electrolysis under thin-layer conditions as shown by the 
good conservation of isosbestic points for both redox steps. Quite rewardingly, this also holds 
for complex 10f, where the reversibility for the second oxidation was somewhat compromised 
under the conditions of free diffusion in cyclic and in square wave voltammetry. The results of 
these experiments are exemplified for 10f and 12 in Figure G6, while those for the other com-
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plexes are contained in the Supporting Information (Figures SI5 - SI13). A listing of the 
ν(Ru(CO)) values of all complexes in every available oxidation state is given in Table G2. 
 
 
Figure G6. Evolution of the IR spectra in the range of the ν(Ru(CO)) vibrations for 10f in 0.2 
mol·L
-1
 1,2-dichloroethane/[
n
Bu4N][PF6] (top; left: 1
st oxidation, right: 2nd oxidation) and 12 
(bottom; left: 1st oxidation, right: 2nd oxidation). Arrows indicate increasing and decreasing of 
the absorptions. 
 
The most important finding of these experiments is that every MV radical cation (n = 1) 
displays just one ν(Ru(CO)) band positioned in between that of the neutral one (n = 0) and 
that of the fully oxidized complex (n = 2). This means that the unipositive charge in the MV 
radical cations is intrinsically delocalized over the entire {Ru}CH=CH-heterocycle-
CH=CH{Ru} backbone, even on the fast IR timescale and irrespective of the nature of the 
heteroatom fragment of the appropriate heterocycle. The degree of ground-state delocalization 
is thus even larger than in the 1,4-divinylphenylene bridged analog. 
G19
 Given that the five-
membered heterocycles of the bridge constitute electron-excessive 6π arenes, this observation 
matches the general trend of increasing electronic coupling with an increasing electron-
richness of the system. Closer inspection of the data also reveals a trend to somewhat smaller 
overall band shifts for the more electron-rich systems (c. f. the (Ru(CO)) of 52 cm-1 for 10b 
and of 57 to 59 cm
-1
 for the other species, less electron-rich members of this series), which 
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indicates slightly larger contributions of a more electron-rich bridging ligand to the HOMO 
and concomitantly smaller ones from the {Ru} appendices. Interestingly, reduction of the 
remote 4-nitrophenyl substituent at the pyrrole nitrogen atom also affects the ν(Ru(CO)) fre-
quency as it is evidenced by the shift from 1913 to 1906 cm
-1
. Sixfold coordinated 10d-benz 
shows a bathochromic shift of the ν(Ru(CO)) absorption, when compared to 10d (Table G2, 
Figure SI9). 
 
Table G2. Position of the ν(Ru(CO)) band of complexes [{RuCl(CO)(PiPr3)2}2(μ-CH=CH-
2,5-
c
C4H2E-CH=CH)]
n+
. 
compd. 
ν(Ru(CO)) [cm-1] 
n = 0 n = 1 n = 2 
10a 1910 1935 
- 
10b 1910 1939 1962 
10c 1910 1938 1969 
10d 1911 1937 1970 
10d-benz 1901 1926 1963 
10e 1912 1937 1969 
10f 1913 1938   1969
a) 
10g 1913 1941 1970 
11 1912 1939 1955 
12 1909 1936 1978 
13 1911 1937 1979 
      a)
 (Ru(CO)) = 1906 cm-1 for the reduced complex (n = -1). 
 
Complimentary to charge delocalization as probed by IR spectroscopy, EPR spectroscopy 
provides insight into spin delocalization of the MV radical cations. Radical cations of aryl 
substituted alkenyl complexes of this general type usually provide resolved hyperfine splitting 
to the phosphine 
31
P nuclei that can be used to extract information on the spin density distri-
bution. 
G35
 Dichloromethane solutions containing the respective mono-oxidized complexes 
were generated by treatment of the neutral compounds with slightly substoichiometric 
amounts of [FcH]
+
[SbF6]
-
 and investigated by EPR spectroscopy at ambient temperature and 
in frozen solution (T = 77 K). The corresponding data are summarized in Table G3, while 
representative solution spectra of 10d
+
 and 13
+
 are shown in Figure G7 (the spectra for the 
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other compounds are depicted in Figures SI14 - SI16, Supporting Information). In agreement 
with full charge delocalization on the faster IR timescale of 10
-12
 s, the EPR spectra displayed 
quintet patterns for the 
31
P couplings that result from the interaction of the unpaired spin with 
four equivalent phosphorus nuclei, i. e. complete spin delocalization. 
99/101
Ru hyperfine inter-
actions can be discerned from the broadening at the outer flanks of the signal and estimated 
by simulation of the experimental spectra. In contrast to similar radical cations of arene-
bridged diruthenium complexes, additional hyperfine splittings to the vinylic protons and, in 
the case of 13
+
, even to those of the heterocyclic bridge are resolved, which leads to richly 
structured spectra (Figure G7). Likewise revealing are the small deviations of the average g 
values from that of the free electron ge = 2.0023. They group in a narrow range between 
2.0122 and 2.0139 for the pyrrole-derived complexes 10a
+
-10g
+
 and assume somewhat larger 
values for the furan and thiophene counter-parts 12
+
 and 13
+
. g Values determined from fro-
zen solutions closely match those measured at ambient temperature. These observations pro-
vide compelling evidence for a bridge-dominated SOMO with relatively small contributions 
of the {Ru} sites. Thus, the EPR results confirm the conclusions drawn from the IR spectra 
(vide supra). Despite the good spectral resolution, no hyperfine interaction with the pyrrole 
nitrogen atom could be identified. This already signals that the heteroatom of these complexes 
resides on a nodal plane of the HOMO (SOMO of the radical cation), such that there is no 
accumulation of spin density at that position. 
 
Table G3. EPR parameters of the radical cations of complexes 10a-g, 12 and 13 along with 
the hyperfine coupling constants derived from spectral simulation
a)
. 
compd. A(
31
P) (4 P) A(
99/101
Ru) (2 Ru) A(
1
H) (2 H) A(
1
H) (2 H) giso (r. t.) giso (77 K) 
10a 12.1 3.6 3.1  2.0137  
10b 11.8 3.6 2.7  2.0125 2.0142 
10c 11.8 3.6 2.7  2.0122 2.0135 
10d 11.8 3.6 2.7  2.0124 2.0145 
10e 11.8 3.6 2.6  2.0128 2.0153 
10f 11.8 3.6 2.5  2.0135  
10g 11.8 3.6 2.5  2.0139 2.0147 
12 10.7 1.4 5.2 2.7 2.0168 2.0164 
13 9.3 4.1 2.6 1.3 2.0193 2.0190 
a)
Hyperfine coupling constants are given in Gauss. 
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Figure G7. EPR spectra of the mixed-valent radical cations 10d
+ 
(left) and 13
+
 (right) in di-
chloromethane at ambient temperature. Samples of the oxidized complexes were generated by 
chemical oxidation with slightly less than one equiv. of [FcH]
+
[PF6]
-
.  
 
2.5 UV-Vis/near-IR Spectroelectrochemistry 
Previous studies on aryl-bridged bis(alkenyl) ruthenium complexes have revealed distinct 
changes of the absorption profiles in their electronic spectra on stepwise one- and two-
electron oxidations. 
G19,G35
 In order to probe the present series of 10-13 spectroelectrochemi-
cal studies in the UV-Vis/near-IR regime were performed. The oxidized forms were generated 
in situ from 1.0 mmol·L
-1
 solutions of the respective complex inside an OTTLE (= Optically 
Transparent Thin-Layer Electrochemical) cell 
G86
 equipped with quartz windows at 25 °C 
using dichloromethane solutions containing 0.1 mol·L
-1
 of [
n
Bu4N][B(C6F5)4] as the support-
ing electrolyte. Oxidation was performed by stepwise increasing the potential in increments of 
25 mV, 50 mV or 100 mV. Figures G8 and G9 provide graphical accounts on the outcome of 
these experiments for 10a and 12; those for the other complexes are presented as Figures 
SI17 - SI25 in the Supporting Information. Pertinent data are summarized in Table G4. 
 
Figure G8. UV-Vis/near-IR spectra of 10a at rising potentials vs Ag/AgCl: -600 to 75 mV 
(left), 75 to 450 mV (right). Measurement conditions: 25 °C, dichloromethane, 0.1 mol·L
-1
 
[
n
Bu4N][B(C6F5)4] as supporting electrolyte. Arrows indicate increasing and decreasing of the 
absorptions. 
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Figure G9. UV-Vis/near-IR spectra of 12 at rising potentials vs Ag/AgCl: -600 to 150 mV 
(left), 150 to 800 mV (right). Measurement conditions: 25 °C, dichloromethane, 0.1 mol·L
-1
 
[
n
Bu4N][B(C6F5)4] as supporting electrolyte. Arrows indicate increasing and decreasing of the 
absorptions. 
 
Like other complexes of that general constitution, the neutral congeners absorb strongly in 
the near UV region owing to π  π* transitions G87 within the conjugated {Ru}CH=CH-aryl-
CH=CH{Ru} backbone. The position and intensity of the strong π  π* band closely resem-
bles those in the corresponding 2,5-diphenylethenyl-substituted heterocycles (max = 380 to 
385 nm,  = 3.0 to 4.1104 M-1·cm-1). G88,G89 With reference to these fully organic counter-
parts and related distyrylethene-bridged diruthenium complexes, 
G35
 the fine-structuring of the 
π  π* band mostly arises from the concomitant excitation of various oscillators along the 
conjugated backbone (vibrational progressions). The neutral complexes display only relative-
ly weak absorptions in the visible (Vis) ranging at  = 542 to 598 nm, which are responsible 
for their purple to red-brown color. 
G19
 The underlying transitions have ligand-to-metal charge 
transfer (LMCT) character. The receptor orbitals are located at the ruthenium atoms and are 
oriented towards the vacant coordination sites with the in- and out-of-phase combinations 
close in energy.  
The associated radical cations feature prominent structured bands in the visible and the bor-
derline region between the Vis and the near infrared but much less intense absorptions in the 
near UV. The low-energy near-IR band(s) arise from π  π* type transitions within the ex-
tended open-shell metal-organic π-chromophore and correspond to the SOMO-1 to SOMO / 
the -HOSO to -LUSO excitation, where the -HOSO and -LUSO closely resemble the 
HOMO-1 and HOMO of the neutral complexes. 
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Table G4. Near-IR data of compounds 10+-13+.
a 
compd. transition
b λ
max
 / nm (ε
max
 / 10
3
·L·mol
-1
·cm
-1
) 
10a
+ β-HOSO → β-LUSO 
α-HOSO → α-LUSO+2 
841 (22.1), 762 (12.3) 
536 (39.4), 494 (18.1) 
10a
2+
 HOMO → LUMO 657 (22.4), 539 (16.5), 448 (13.6) 
10b
+
 
β-HOSO → β-LUSO 
α-HOSO → α-LUSO+2 
847 (31.1), 771 (16.4) 
540 (50.0), 487 (22.8) 
10b
2+
 HOMO → LUMO 668 (39.1), 527 (19.5), 458 (14.3) 
10c
+
 
β-HOSO → β-LUSO 
α-HOSO → α-LUSO+2  
846 (29.0), 774 (14.7) 
540 (47.5), 486 (21.1) 
10c
2+
 HOMO → LUMO 655 (42.0) 
10d
+
 
β-HOSO → β-LUSO 
α-HOSO → α-LUSO+2  
851 (13.7), 766 (7.3) 
541 (24.1), 484 (12.1) 
10d
2+
 HOMO → LUMO 666 (10.5), 539 (12.9), 450 (11.2) 
10d-benz
+
 
β-HOSO → β-LUSO 
α-HOSO → α-LUSO+2 
883 (17.5), 810 (9.7) 
553 (29.4), 500 (17.0) 
10d-benz
2+
 HOMO → LUMO 683 (19.5), 516 (18.6) 
10e
+
 
β-HOSO → β-LUSO  
α-HOSO → α-LUSO+2 
856 (24.7), 773 (13.5) 
546 (39.0), 491 (17.4) 
10e
2+
 HOMO → LUMO 648 (30.8) 
10f
+
 
β-HOSO → β-LUSO 
α-HOSO → α-LUSO+2  
865 (24.6), 789 (13.6) 
545 
10f
2+
 HOMO → LUMO 634 (32.3) 
10g
+
 
β-HOSO → β-LUSO 
α-HOSO → α-LUSO+2 
870 (33.2), 792 (18.4) 
552 (51.7), 503 (21.0) 
10g
2+
 HOMO → LUMO 628 (39.6) 
11
+
 
β-HOSO → β-LUSO 
α-HOSO → α-LUSO+2 
818 (11.6), 539 (16.6) 
479 (11.6), 396 (12.2) 
11
2+
 HOMO → LUMO 
764 (14.1), 681 (14.2), 
510 (14.9), 408 (12.8) 
12
+
 
β-HOSO → β-LUSO 
α-HOSO → α-LUSO+2  
960 (19.5), 956 (12.5) 
591 (28.8) 
12
2+
 HOMO → LUMO 574 (26.6) 
13
+
 
β-HOSO → β-LUSO 
α-HOSO → α-LUSO+2 
1040 (35.8), 916 (16.0) 
643 (44.8), 362 (12.8) 
13
2+
 HOMO → LUMO 612 (45.5) 
a
In dichloromethane containing 0.1 mol·L
-1
 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte at 25 °C. 
b
There exist 
subbands for the corresponding transition of the radical cations. 
 
KAPITEL G 
169 
The intense Vis absorptions are best described as the -HOSO to -LUSO+2 transition 
(Table G4). These spin orbitals closely resemble the HOMO and LUMO+2 of the neutral 
complexes, which are again delocalized across the entire organometallic backbone. Thus, in 
both cases the {Ru} moieties constitute an integral part of the conjugated π system and act as 
efficient auxochromic groups. 
G27,G35,G82
 Both transitions are thus expected to be devoid of 
any substantial charge-transfer components. This was experimentally verified for 10d
+
 and 
13
+
 (Figure G10) by the invariance of the positions of these bands to solvent polarity (di-
chloromethane: μ = 1.60 D; propylene carbonate: μ = 4.90 D). G90  
 
 
 
Figure G10. Vis/near-IR spectra of 10d
+
 (left) and 13
+
 (right) in dichloromethane (solid line) 
and propylene carbonate (dashed line).  
 
The experimental spectra show the Vis and the near-IR bands of the radical cations with re-
solved subbands. The structuring of the Vis and near-IR π  π* “polaron” bands is routinely 
observed in open-shell oligophenylene vinylenes such as distyrylbenzenes, including analogs 
with a heterocyclic ring in the central position.
 G88,G91,G92
 This phenomenon has been traced to 
either the coexistence of several conformers, vibrational progressions, or contributions of 
double excitations. 
G93
 Particularly illustrating accounts of the impact of conformations in 
related polyynediyl-bridged diruthenium complexes have recently been published. 
G42,G93,G94
 
We thus assume that the structuring of the prominent bands of the present radical cations has 
the same origin(s).  
Conceptually, the low-energy electronic transition can also be envisioned as the charge-
resonance band of an intrinsically delocalized mixed-valent species of class III systems ac-
cording to the Robin-Day classification scheme. 
G85
 This view is also in accord with the high 
overall absorptivity and the rather sharp absorptions with Full-Width-at-Half-Maximum 
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(= FWHM) values ∆ν1/2 of smaller than 2000 cm
-1
 and the lack of a band shift on changing 
solvent polarity. 
G95,G96
 Within the framework of the underlying Hush formalism, the electron-
ic coupling strength Hab, which is a measure of the energetic splitting between the two adia-
batic states, assumes values ranging from 4800 to 6100 cm
-1
. We note that the increase in Hab 
is paralleled by an increase in the redox splitting ΔE°′, which is an intuitively satisfying result. 
As it is illustrated in Figure G11, a systematic trend of a decreasing energy of the near-IR 
absorptions with a stronger electron-withdrawing effect of the 4-substituent at the phenyl ring 
of pyrrole complexes 10a
+
-g
+
 and in the order 11
+
 > 12
+
 > 13
+
 is observed. This may be due 
to a somewhat larger contribution of the organic part of the π-conjugated system and, in par-
ticular, of the central heterocyclic ring to the HOMO as compared to the HOMO-1. One 
would thus expect that any substitution at the central heterocycle affects the HOMO more 
than the HOMO-1. Introducing a poorer donor or stronger acceptor would then decrease the 
energy of the low-energy transition. For phenyl pyrroles 10a
+
-f
+
 a linear relation of the energy 
of the near-IR absorption νmax and the σp Hammett constant of the substituent is found (Figure 
G12). 
 
Figure G11. Comparison of the UV-Vis/near-IR spectra of 10a-g
+
 and 11
+
-13
+
.  Measure-
ment conditions: 25 °C, dichloromethane, 0.1 mol·L
-1
 [
n
Bu4N][B(C6F5)4] as supporting elec-
trolyte. 
 
The corresponding dications are characterized by an even more intense Vis absorption, 
which, for all compounds, except 13, appears red from the Vis band of the one-electron oxi-
dized form. That band obviously relates to the “bipolaron” band of heavily doped fully organ-
ic analogs as it is indicated by the similar energies and shapes. Again we note a close similari-
ty to 2,5-(diphenylethenyl)thiophene, whose dication shows prominent absorptions at ca. 
18000 and 19560 cm
-1
, which is close to the values obtained for 13
2+
. 
G92
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Figure G12. Correlation of λmax and the σp Hammett constant of the substituents at the phenyl 
core (value for 10g has been omitted), linear fit (R
2
 = 0.972, dotted black line). 
 
3. Conclusion 
The series of binuclear ruthenium complexes of type [{RuCl(CO)(P
i
Pr3)2}2(μ-CH=CH-2,5-
c
C4H2E-CH=CH)] ((E = NR; R = C6H4-4-NMe2 (10a), C6H4-4-OMe (10b), C6H4-4-Me (10c), 
C6H5 (10d), C6H4-4-CO2Et (10e), C6H4-4-NO2 (10f), C6H3-3,5-(CF3)2 (10g), CH3 (11); E = O 
(12), S (13)) was synthesized from the corresponding bis(trimethylsilylethynyl)-species 2,5-
(Me3Si-C≡C)2-
c
C4H2E by a two-step consecutive reaction including deprotection of the Me3Si 
group and hydroruthenation. The structures of alkynes 6a, c, d and 7 (E = NR; R = C6H4-4-
NMe2 (6a), C6H4-4-Me (6c), C6H5 (6d), CH3 (7)) and the diruthenium complexes 12 and 13 in 
the solid state were determined by single crystal X-ray diffraction analysis, whereby 12 and 
13 are the first crystallographically known examples for 2,5-divinyl substituted five-
membered heterocycles bonded to square-pyramidal RuCl(CO)(P
i
Pr3)2 entities. The π systems 
of the vinyl moieties and the heterocycles are co-planer to each other, allowing conjugation 
between the Ru atoms. A strong influence of the electron-donating and electron-withdrawing 
substituents at the phenyl ring of pyrroles 10a-g on the electrochemical behavior was found 
and revealed a linear relationship between the redox splitting and the σp Hammett constant. 
Furthermore, the nature of the heteroatom has an effect, which reflects in the decrease of re-
dox splitting as well as the anodic shift of the redox potentials from the most electron-rich 
bridging unit in 10a to the electron-poorest one in compound 13. An intrinsically delocaliza-
tion over the entire {Ru}CH=CH-heterocycle-CH=CH{Ru} backbone is found for the mixed-
valent species of 10a-g and 11-13, as they display only one ν(Ru(CO)) band in the IR spectra. 
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EPR studies at ambient temperature and in frozen solution confirm these results. UV-
Vis/near-IR spectroelectrochemical studies resulted in intense, narrow and solvent-
independent π → π* absorptions with a high energy shoulder, indicating that there is a coex-
istence of a mixture rotation conformers of the ruthenium centers in 10-13.
 G42,G93,G94
 The ab-
sorption maxima show a bathochromic shift within 10a
+
-g
+
 and in the order 11
+
 > 12
+
 > 13
+
, 
while the electronic coupling parameter Hab is ranging from 4800 to 6100 cm
-1
. Hence, these 
results show that the charge is fully delocalized between the two ruthenium centers over the 
heterocyclic backbone and therefore, complexes 10-13 can be classified as strongly coupled 
class III systems according to the Robin and Day classification. 
G85
 Compared to the hetero-
cycle-bridged ferrocenyls, the (CH=CH)Ru(CO)Cl(P
i
Pr3)2 moiety is responsible for a stronger 
“bridge” contribution to the relevant “redox-orbital(s)”.  
 
4. Experimental Section 
4.1 General conditions  
All reactions were carried out under an atmosphere of argon using standard Schlenk 
techniques. Drying of diethyl ether and toluene was performed with a MBraun MB 
SPS-800 system (double column solvent filtration, working pressure 0.5 bar). n-
Pentane and tetrahydrofuran were purified by distillation from sodium/benzophenone 
ketyl, and methanol was purified by distillation from magnesium. Diisopropylamine, 
N,N- dimethylformamide, dimethylsulfoxide and dichloromethane were purified by 
distillation from calcium hydride.  
 
4.2 Reagents 
Potassium tert-butoxide, potassium carbonate, N-iodosuccinimide, triphenylphosphane, co-
pper(I)iodide,
 
trimethylsilylacetylene, tetra-n-butylammonium fluoride, N-phenyl pyrrole, N-
methyl pyrrole, 3,5-bis(trifluoromethyl)-bromobenzene, p-iodoanisole, p-iodotoluene, p-
iodonitrobenzene, ethyl-4-iodobenzoate and benzoic acid were purchased from commercial 
suppliers and were used without further purification. Pyrrole has been distilled prior to use. 
2,5-Bis(trimethylsilyl)ethynyl furan (8), 
G42
 2,5-bis(trimethylsilyl)ethynyl thiophene (9), 
G42
 p-
iodo-N,N-dimethylaniline, 
G97
 HRuCl(CO)(P
i
Pr3)2, 
G2
 [
n
Bu4N][B(C6F5)4] 
G37,G58-G64
 and 
PdCl2(PPh3)2 
G98
 were prepared according to published procedures. 
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4.3 Instruments 
1
H NMR (500.3 MHz) and 
13
C{
1
H} NMR (125.8 MHz) spectra were recorded with a 
Bruker Avance III 500 spectrometer operating at 298 K in the Fourier transform mode. 
Chemical shifts are reported in δ units (parts per million) using undeuterated solvent 
residues as internal standard (CDCl3: 
1
H at 7.26 ppm and 
13
C{
1
H} at 77.16 ppm; C6D6: 
1
H at 7.16 ppm and 
13
C{
1
H} at 128.06 ppm). Infrared spectra were recorded using a 
Thermo Nicolet 200 FT-IR spectrometer. The melting points of analytical pure sam-
ples (sealed off in nitrogen-purged capillaries) were determined with a Gallenkamp 
MFB 595 010 M melting point apparatus. Microanalyses were performed using a 
Thermo FLASHEA 1112 Series instrument. High-resolution mass spectra were per-
formed with a micrOTOF QII Bruker Daltonite workstation. UV-Vis absorption spec-
tra were recorded using a Perkin-Elmer Lambda 14 spectrometer. 
 
4.4 Single crystal X-ray diffraction analysis 
Data for 6a, c, d, 7, 12 and 13 were collected with an Oxford Gemini S diffractometer using 
graphite-monochromatized Mo-Kα radiation (λ = 0.71073 Å) (6a, c, 7, 12) or Cu-Kα radiation 
(1.54184 Å) (6d and 13). The molecular structures were solved by direct methods using 
SHELXS-97
 G99
 and refined by full-matrix least-squares procedures on F
2
 using SHELXL-
97.
 G100
 All non-hydrogen atoms were refined anisotropically and a riding model was em-
ployed in the treatment of the hydrogen atom positions. Graphics of the molecular structures 
have been created by using ORTEP. 
G101
  
 
4.5 Electrochemistry 
Measurements on 1.0 mmol·L
-1
 solutions of the analytes in anhydrous dichloro-
methane solutions containing 0.1 mol·L
-1
 of [
n
Bu4N][B(C6F5)4] as supporting electro-
lyte were conducted under a blanket of purified argon at 25 °C utilizing a Voltalab 10 
electrochemical laboratory from Radiometer Analytical. A three electrode cell, which 
utilized a Pt auxiliary electrode, a glassy carbon working electrode (surface area 0.031 
cm
2
), and an Ag/Ag
+
 (0.01 mol·L
-1
 AgNO3) reference electrode mounted on a Luggin 
capillary was used. The working electrode was pretreated by polishing on a Buehler 
microcloth first with a 1 μm and then with a 1/4 μm diamond paste. The reference elec-
trode was built from a silver wire inserted into a solution of 0.01 mol·L
-1
 [AgNO3] and 
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0.1 mol·L
-1
 [
n
Bu4N][B(C6F5)4] in acetonitrile, in a Luggin capillary with a Vycor tip. 
This Luggin capillary was inserted into a second Luggin capillary with a Vycor tip 
filled with a 0.1 mol·L
-1
 dichloromethane solution of [
n
Bu4N][B(C6F5)4].
 G37,G58-G64
 
Successive experiments under the same experimental conditions showed that all formal 
reduction and oxidation potentials were reproducible within ±5 mV. Experimentally 
potentials were referenced against an Ag/Ag
+
 reference electrode but results are pre-
sented referenced against ferrocene
 G102,G103
 (FcH/FcH
+
 couple = 220 mV vs Ag/Ag
+
, 
ΔEp =  61 mV) as an internal standard as required by IUPAC.
 G65
 When decamethylfer-
rocene or 1,1´-dicyanoferrocene was used as an internal standard, the experimentally 
measured potential was converted into E vs FcH/FcH
+
 (under our conditions the 
Fc*/Fc*
+
 couple was at -614 mV vs FcH/FcH
+, ΔEp =  60 mV,
 G104
 while the 3,5-
(CF3)2-phenylferrocene/3,5-(CF3)2-phenylferrocene
+
 couple was at 183 mV vs 
FcH/FcH
+, ΔEp =  62 mV). 
G105 
Data were then manipulated on a Microsoft Excel 
worksheet to set the formal redox potentials of the FcH/FcH
+
 couple to E°′ = 0.000 V. 
The cyclic voltammograms were taken after typical two scans and are considered to be 
steady state cyclic voltammograms in which the signal pattern differs not from the ini-
tial sweep. 
 
4.6 IR and UV-Vis/near-IR Spectroelectrochemistry  
Spectroelectrochemical measurements of 1.0 mmol·L
-1 
anhydrous dichloromethane 
solutions containing 10-13, respectively, and 0.1 mol·L
-1
 of [
n
Bu4N][B(C6F5)4] as the 
supporting electrolyte were performed in an OTTLE (= Optically Transparent Thin-
Layer Electrochemistry, quartz windows for UV/Vis-near-IR and CaF2 windows for 
IR) 
G86
 cell with a Varian Cary 5000 spectrophotometer (UV-Vis/near-IR) or a Perkin-
Elmer Paragon 1000 PC FT-IR instrument (IR) at 25 °C. Between the spectroscopic 
measurements the applied potentials have been increased step-wisely using step 
heights of 25, 50 or 100 mV. At the end of the measurements the analyte was reduced 
at -500 mV for 15 min and an additional spectrum was recorded to prove the reversibil-
ity of the oxidations. 
 
4.7 EPR Spectroscopy  
The ESR equipment consists of a Bruker ESP 3000 spectrometer equipped with a HP 
frequency counter 5350 B, a Bruker NMR gaussmeter ER 035 M, and a continuous 
flow cryostat ESR 900 from Oxford Instruments for lowtemperature work. 
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4.8 General procedure – Synthesis of 6a-g and 7 
Pd(PPh3)2Cl2] (0.5 mol%) and [CuI] (6.0 mol%) were added to degassed 
i
Pr2NH and the 
mixture was stirred at ambient temperature for 10 min. Then, 2a-g and 3, respectively, 2.1 eq 
of trimethylsilylacetylene and PPh3 (6.0 mol-%) were added in a single portion, whereby the 
orange solution changed to dark brown. Within 10 min a precipitate formed and the reaction 
mixture was stirred overnight at 50 °C. The crude product was worked-up by evaporation of 
the solvent and the residue was dissolved in diethyl ether (50 mL) and passed through a pad of 
Celite, which was washed with diethyl ether. The dark organic phase was evaporated and the 
crude product was purified by sublimation (at 40-60 °C, oil pump vaccum). 
 
4.8.1 Data for 4-(2,5-bis(trimethylsilyl)ethynyl-1H-pyrrol-1-yl)-N,N-dimethylaniline 
(6a)  
4-(2,5-Diiodo-1H-pyrrol-1-yl)-N,N-dimethylaniline (2a) (1.71 g, 3.9 mmol), [CuI] (45 mg, 
0.24 mmol), [PdCl2(PPh3)2] (13.7 mg, 0.02 mmol), PPh3 (66 mg, 0.23 mmol) and trimethylsi-
lylacetylene (1.35 mL, 8.2 mmol). Yield: 1.37 g (3.62 mmol, 92 % based on 2a); colorless 
solid, soluble in dichloromethane. Anal. calcd for C22H30N2Si2 (378.66 g/mol) [%]: C, 69.78; 
H, 7.99; N, 7.40; found: C, 69.79; H, 8.19; N, 7.24. Mp.: 130 °C. 
1
H NMR [CDCl3, ppm] δ: 
0.11 (s, 18 H, SiC3H9), 2.99 (s, 6 H, NMe2), 6.43 (s, 2 H, H-3/4), 6.73 (m, 2 H, C6H4-NMe2), 
7.33 (m, 2 H, C6H4-NMe2). 
13
C{
1
H} NMR [CDCl3, ppm] δ: -0.10 (SiC3H9), 40.94 (NMe2), 
97.31 (C4N-C≡C-SiC3H9), 98.70 (C4N-C≡C-SiC3H9), 111.71 (C-2/5), 115.49 (C-3/4), 117.83 
(C6H4), 127.48 (Ci-C4N), 127.82 (C6H4), 150.11 (Ci-NMe2). IR data [KBr, cm
-1] ν: 758 (s, 
δo.o.p. =C-H), 1024 (m, νC-N), 1524 (s, νC=C), 2148 (s, νC≡C), 2847, 2890 (w, νs-CH3), 2956 (w, νas-
CH3), 3048 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C22H30N2Si2: 378.1942, found: 378.1921 
[M]
+
; calcd: 379.2020, found: 379.2000 [M+H]
+
. 
 
4.8.2 Crystal data for 6a 
Single crystals of 6a were obtained by diffusion of n-hexane into a diethyl ether solution 
containing 6a at 25 °C. C22H30N2Si2, Mr = 378.66 g·mol
-1
, crystal dimensions 0.40 x 0.40 x 
0.30 mm, monoclinic, P21/c, colorless crystal, λ = 0.71073 Å, a = 10.5633(4) Å, 
b = 9.3981(4) Å, c = 23.6512(11) Å, β = 96.195(4) °, V = 2334.26(17) Å3, Z = 4, ρcalcd = 1.077 
g·cm
-3
, μ = 0.160 mm-1, T = 110 K, Θ range = 2.909–25.495 °, reflections collected 11596, 
independent 4335, R1 = 0.0503, wR2 = 0.1336 [I ≥ 2σ(I)].  
KAPITEL G 
176 
4.8.3 Data for 4-(2,5-bis(trimethylsilyl)ethynyl-1H-pyrrol-1-yl)-anisole (6b)  
4-(2,5-Diiodo-1H-pyrrol-1-yl)-anisole (2b) (7.96 g, 18.7 mmol), [CuI] (214 mg, 1.12 
mmol), [PdCl2(PPh3)2] (65 mg, 0.09 mmol), PPh3 (317 mg, 1.12 mmol) and trimethylsilyla-
cetylene (5.56 mL, 39.4 mmol). Yield: 2.29 g (6.2 mmol, 34 % based on 2b); colorless solid, 
soluble in dichloromethane. Anal. calcd for C21H27NOSi2 (365.62 g/mol) [%]: C, 68.99; H, 
7.44; N, 3.83; found: C, 68.71; H, 7.27; N, 3.78. Mp.: 89 °C. 
1
H NMR [CDCl3, ppm] δ: 0.10 
(s, 18 H, SiC3H9), 3.86 (s, 3 H, OMe), 6.45 (s, 2 H, H-3/4), 6.93 (m, 2 H, C6H4-OMe), 7.38 
(m, 2 H, C6H4-OMe). 
13
C{
1
H} NMR [CDCl3, ppm] δ: -0.17 (SiC3H9), 55.69 (OMe), 96.93 
(C4N-C≡C-SiC3H9), 99.02 (C4N-C≡C-SiC3H9), 113.30 (C6H4), 115.70 (C-3/4), 117.82 (C-
2/5), 128.45 (C6H4), 130.89 (Ci-C4N), 159.07 (Ci-OMe). IR data [KBr, cm
-1] ν: 769 (s, δo.o.p. 
=C-H), 1019 (m, νC-N), 1250 (s, νC-O), 1515 (s, νC=C), 2152 (s, νC≡C), 2832, 2893 (w, νs-CH3), 
2959 (w, νas-CH3), 3045 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C21H27NOSi2: 365.1626, 
found: 365.1622 [M]
+
. 
 
4.8.4 Data for 4-(2,5-bis(trimethylsilyl)ethynyl-1H-pyrrol-1-yl)-toluene (6c)  
4-(2,5-Diiodo-1H-pyrrol-1-yl)-toluene (2c) (4.625 g, 11.3 mmol), [CuI] (130 mg, 0.68 
mmol), [PdCl2(PPh3)2] (40 mg, 0.06 mmol), PPh3 (191 mg, 0.68 mmol) and trimethylsilyla-
cetylene (3.35 mL, 23.7 mmol). Yield: 1.58 g (4.5 mmol, 40 % based on 2c); colorless solid, 
soluble in n-hexane. Anal. calcd for C21H27NSi2 (349.62 g/mol) [%]: C, 72.14; H, 7.78; N, 
4.01; found: C, 72.03; H, 8.08; N, 3.91. Mp.: 104 °C. 
1
H NMR [CDCl3, ppm] δ: 0.10 (s, 18 H, 
SiC3H9), 2.41 (s, 3 H, Me), 6.46 (s, 2 H, H-3/4), 7.20 (m, 2 H, C6H4-Me), 7.35 (m, 2 H, C6H4-
Me). 
13
C{
1
H} NMR [CDCl3, ppm] δ: -0.19 (SiC3H9), 21.30 (Me), 96.95 (C4N-C≡C-SiC3H9), 
99.05 (C4N-C≡C-SiC3H9), 115.90 (C-3/4), 117.66 (C-2/5), 127.03 (C6H4), 128.68 (C6H4), 
135.21 (Ci-C4N), 137.54 (Ci-Me). IR data [KBr, cm
-1] ν: 817 (s, δo.o.p. =C-H), 1019 (m, νC-N), 
1516 (s, νC=C), 2151 (s, νC≡C), 2854, 2893 (w, νs-CH3), 2958 (w, νas-CH3), 3039, 3072 (w, ν=C-H). 
HR-ESI-MS [m/z]: calcd for C21H27NSi2: 349.1677, found: 349.1683 [M]
+
. 
 
4.8.5 Crystal data for 6c  
Single crystals of 6c were obtained by evaporation of n-hexane at 25 °C. C21H27NSi2, 
Mr = 349.61 g·mol
-1
, crystal dimensions 0.40 x 0.40 x 0.40 mm, orthorhombic, Pbca, color-
less crystal, λ = 0.71073 Å, a = 11.2401(7) Å, b = 16.1507(10) Å, c = 23.6568(15) Å, 
V = 4294.5(5) Å
3
, Z = 8, ρcalcd = 1.081 g·cm
-3
, μ = 0.167 mm-1, T = 110 K, Θ range = 3.054– 
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25.999 °, reflections collected 13775, independent 4197, R1 = 0.0447, wR2 = 0.1058 [I ≥ 
2σ(I)].  
 
4.8.6 Data for 2,5-bis(trimethylsilyl)ethynyl-N-phenyl pyrrole (6d)  
2,5-Diiodo-N-phenyl pyrrole (850 mg, 2.15 mmol) (2d), [CuI] (51.6 mg, 0.27 mmol), 
[PdCl2(PPh3)2] (15.86 mg, 0.02 mmol), PPh3 (71.1 mg, 0.27 mmol) and trimethylsilylacety-
lene (0.64 mL, 4.52 mmol). Yield: 553 mg (1.65 mmol, 77 % based on 2d); colorless solid, 
soluble in n-hexane. Anal. calcd for C20H25NSi2 (335.59 g/mol) [%]: C, 71.58; H, 7.51; N, 
4.71; found: C, 71.25; H, 7.56; N, 4.03. 
G106
 Mp.: 85 °C. 
1
H NMR [CDCl3, ppm] δ: 0.09 (s, 18 
H, SiC3H9), 6.48 (s, 2 H, H-3/4), 7.36-7.48 (m, 5 H, Ph). 
13
C{
1
H} NMR [CDCl3, ppm] 
δ: -0.22 (SiC3H9), 96.79 (C4N-C≡C-SiC3H9), 99.18 (C4N-C≡C-SiC3H9), 115.96 (C-3/4), 
117.63 (C-2/5), 127.38 (C6H5), 127.80 (C6H5), 128.12 (C6H5), 137.66 (Ci-C6H5). IR data 
[KBr, cm
-1] ν: 768 (s, δo.o.p. =C-H), 1016 (m, νC-N), 1499 (s, νC=C), 2153 (s, νC≡C), 2850, 2889 (w, 
νs-CH3), 2954 (w, νas-CH3), 3045 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C20H25NSi2: 335.1520, 
found: 335.1518 [M]
+
. 
 
4.8.7 Crystal data for 6d 
Single crystals of 6d were obtained by evaporation of n-hexane at 25 °C. C20H25NSi2, Mr = 
335.59 g·mol
-1
, crystal dimensions 0.30 x 0.30 x 0.20 mm, triclinic, P–1, colorless crystal, 
λ = 1.54184 Å, a = 9.875(5) Å, b = 10.911(5) Å, c = 11.398(5) Å, α = 113.929(5) °, 
β =101.078(5) °, γ = 104.688 (5) °, V = 1023.6(8) Å3, Z = 2, ρcalcd = 1.089 g·cm
-3
, μ = 0.173 
mm
-1
, T = 100 K, Θ range = 3.06–25.50 °, reflections collected 7338, independent 3786, 
R1 = 0.0393, wR2 = 0.0834 [I ≥ 2σ(I)].  
 
4.8.8 Data for Ethyl-4-(2,5-bis(trimethylsilyl)ethynyl-1H-pyrrol-1-yl)-benzoate (6e)  
Ethyl-4-(2,5-diiodo-1H-pyrrol-1-yl)-benzoate (2e) (3.14 g, 6.7 mmol), [CuI] (77 mg, 0.40 
mmol), [PdCl2(PPh3)2] (23.6 mg, 0.03 mmol), PPh3 (113 mg, 0.40 mmol) and trimethylsilyla-
cetylene (2.0 mL, 14.1 mmol). Yield: 0.77 g (1.89 mmol, 28 % based on 2e); red-brown solid, 
soluble in diethyl ether. Anal. calcd for C23H29NO2Si2 (407.65 g/mol) [%]: C, 67.77; H, 7.17; 
N, 3.44; found: C, 67.46; H, 7.15; N, 3.39. Mp.: 63 °C. 
1
H NMR [CDCl3, ppm] δ: 0.11 (s, 18 
H, SiC3H9), 1.43 (t, 3 H, CH3), 4.42 (q, 2 H, CH2), 6.51 (s, 2 H, H-3/4), 7.59 (m, 2 H, C6H4), 
8.11 (m, 2 H, C6H4). 
13
C{
1
H} NMR [CDCl3, ppm] δ: -0.23 (SiC3H9), 14.48 (CH3), 61.32 
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(CH2), 96.30 (C4N-C≡C-SiC3H9), 99.90 (C4N-C≡C-SiC3H9), 116.85 (C-3/4), 117.45 (C-2/5), 
127.08 (C6H4), 129.57 (C6H4), 129.63 (Ci-CO2Et), 141.34 (Ci-C4N), 166.22 (C(O)). IR data 
[KBr, cm
-1] ν: 843 (s, δo.o.p. =C-H), 1020 (m, νC-N), 1273 (m, νC-O), 1607 (s, νC=C), 1720 (m, 
νC=O), 2151 (s, νC≡C), 2899 (m, νs-CH3), 2959 (m, νas-CH3), 3061 (w, ν=C-H). HR-ESI-MS [m/z]: 
calcd for C23H29NO2Si2: 408.1810, found: 408.1840 [M+H]
+
. 
 
4.8.9 Data for 4-(2,5-bis(trimethylsilyl)ethynyl-1H-pyrrol-1-yl)-nitrobenzene (6f)  
4-(2,5-Diiodo-1H-pyrrol-1-yl)-nitrobenzene (2f) (1.957 g, 4.4 mmol), [CuI] (51 mg, 0.27 
mmol), [PdCl2(PPh3)2] (15.6 mg, 0.02 mmol), PPh3 (75 mg, 0.27 mmol) and trimethylsilyla-
cetylene (1.32 mL, 9.3 mmol). Yield: 0.48 g (1.2 mmol, 28 % based on 2f); bright yellow 
solid, soluble in dichloromethane. Anal. calcd for C20H24N2O2Si2 (380.59 g/mol) [%]: C, 
63.12; H, 6.36; N, 7.36; found: C, 63.26; H, 6.56; N, 6.98. Mp.: 154 °C. 
1
H NMR [CDCl3, 
ppm] δ: 0.13 (s, 18 H, SiC3H9), 6.55 (s, 2 H, H-3/4), 7.72 (m, 2 H, C6H4-NO2), 8.30 (m, 2 H, 
C6H4-NO2). 
13
C{
1
H} NMR [CDCl3, ppm] δ: -0.24 (SiC3H9), 95.84 (C4N-C≡C-SiC3H9), 
100.74 (C4N-C≡C-SiC3H9), 117.50 (C-2/5), 117.52 (C-3/4), 123.65 (C6H4), 127.90 (C6H4), 
142.85 (Ci-C4N), 146.77 (Ci-NO2). IR data [KBr, cm
-1] ν: 777 (s, δo.o.p. =C-H), 1007 (m, νC-N), 
1346 (s, νs-NO2), 1515 (s, νas-NO2), 1530 (s, νC=C), 2150 (s, νC≡C), 2855, 2898 (w, νs-CH3), 2961 
(w, νas-CH3), 3041 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C20H24N2O2Si2: 381.1449, found: 
381.1436 [M+H]
+
. 
 
4.8.10 Data for (2,5-bis(trimethylsilyl)ethynyl-1H-pyrrol-1-yl)-3,5-bis(trifluoromethyl)-
benzene (6g)  
(2,5-Diiodo-1H-pyrrol-1-yl)-3,5-bis(trifluoromethyl)benzene (2g) (0.825 g, 1.6 mmol), 
[CuI] (18 mg, 0.09 mmol), [PdCl2(PPh3)2] (5.4 mg, 0.01 mmol), PPh3 (26 mg, 0.09 mmol) 
and trimethylsilylacetylene (0.46 mL, 3.2 mmol). Yield: 0.28 g (0.6 mmol, 38 % based on 
2g); red-brown solid, soluble in n-hexane. Anal. calcd for C22H23NSi2F6 (471.59 g/mol) [%]: 
C, 56.03; H, 4.92; N, 2.97; found: C, 55.81; H, 4.99; N, 2.93. Mp.: 76 °C. 
1
H NMR [CDCl3, 
ppm] δ: 0.12 (s, 18 H, SiC3H9), 6.57 (s, 2 H, H-3/4), 7.89 (s, 1 H, p-C6H3), 8.06 (s, 2 H, o-
C6H3). 
13
C{
1
H} NMR [CDCl3, ppm] δ: -0.43 (SiC3H9), 95.26 (C4N-C≡C-SiC3H9), 101.09 
(C4N-C≡C-SiC3H9), 117.45 (C-2/5), 117.68 (C-3/4), 121.26 (m, C6H3), 123.14 (q, 
1
JCF = 
273.3 Hz, CF3), 127.43 (m, C6H3), 131.96 (q, 
2
JCF = 33.8 Hz, Ci-C6H3), 138.70 (Ci-C4N). IR 
data [KBr, cm
-1] ν: 1067 (m, νC-N), 1280 (s, νC-F), 1621 (s, νC=C), 2150 (s, νC≡C), 2850, 2901 
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(w, νs-CH3), 2963 (m, νas-CH3), 3114 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C22H23NSi2F6: 
472.1346, found: 472.1362 [M+H]
+
. 
 
4.8.11 Data for 2,5-bis(trimethylsilyl)ethynyl-N-methyl pyrrole (7)  
2,5-Diiodo-N-methyl pyrrole (3) (3.0 g, 9.01 mmol), [CuI] (206 mg, 1.08 mmol), 
[PdCl2(PPh3)2] (63.25 mg, 0.09 mmol), PPh3 (284 mg, 1.08 mmol) and trimethylsilylacety-
lene (2.67 mL, 4.52 mmol). Yield: 1.72 g (6.30 mmol, 70 % based on 3); colorless solid, sol-
uble in n-hexane. Anal. calcd for C15H23NSi2 (273.52 g/mol) [%]: C, 65.87; H, 8.48; N, 5.12; 
found: C, 65.45; H, 8.24; N, 4.91. Mp.: 47 °C. 
1
H NMR [CDCl3, ppm] δ: 0.25 (s, 18 H, 
SiC3H9), 3.64 (s, 3 H, CH3), 6.32 (s, 2 H, H-3/4). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 0.11 
(SiC3H9), 32.72 (CH3), 96.38 (C4N-C≡C-SiC3H9), 99.22 (C4N-C≡C-SiC3H9), 114.69 (C-3/4), 
117.45 (C-2/5). IR data [KBr, cm
-1] ν: 965 (m, νC-N), 1463 (s, νC=C), 2150 (s, νC≡C), 2899 (w, 
νs-CH3), 2961 (s, νas-CH3), 3104 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C15H23NSi2: 273.1364, 
found: 273.1377 [M]
+
. 
 
4.8.12 Crystal data for 7  
Single crystals of 7 were obtained by slow evaporation of a diethyl ether solution containing 
7 at 25 °C. C15H23NSi2, Mr = 273.52 g·mol
-1
, crystal dimensions 0.40 x 0.40 x 0.20 mm, or-
thorhombic, Pbac, colorless crystal, λ = 0.71073 Å, a = 14.247(5) Å, b = 10.234(5) Å, 
c = 24.150(5) Å, V = 3521(2) Å
3
, Z = 8, ρcalcd = 1.032 g·cm
-3
, μ = 0.188 mm-1, T = 109.95(10) 
K, Θ range = 2.975–24.998 °, reflections collected 8985, independent 3092, R1 = 0.0419, wR2 
= 0.0960 [I ≥ 2σ(I)].  
 
4.9 General procedure – Synthesis of 2,5-(carbonyl-chloro-bis(triisopropyl-
phosphine)-ruthenium(II)-vinyl)2-heterocycles 10-13  
Compounds 6-9 were dissolved in 6 mL of degassed tetrahydrofuran and 2.3 eq of tetra-n-
butylammonium fluoride were added in a single portion at -40 °C. The reaction mixture was 
slowly warmed to ambient temperature and stirred for 2 h, whereby the colorless solution 
changed to pale brown. The crude product was worked-up by extraction with diethyl ether (3 
x 15 mL). The organic layer was washed with water and dried over Mg2SO4. Then all vola-
tiles were removed in oil-pump vacuum yielding a pale yellow oil. In the case of 7, it occurred 
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that the deprotected derivative 2,5-(HC≡C)2
c
C4H2NCH3 was very volatile and therefore, the 
reaction mixture was filtered through a pad of alumina; the solvent was not evaporated. The 
respective heterocycle 2,5-(HC≡C)2
C
C4H2NE was dissolved in 10 mL of dichloromethane and 
was then added dropwise via cannula to a stirred solution of 2 eq of HRuCl(CO)(P
i
Pr3)2 (150 
mg, 0.31 mmol) in 10 mL of dichloromethane. The color of the solution changed immediately 
from orange to dark purple (10-12) or dark green (13). The reaction mixture was stirred at 
ambient temperature for 30 min. Then the solvent was reduced to 2 mL and the required com-
plex was precipitated by addition of 15 mL methanol. The respective residue was washed with 
methanol until the solvent was colorless and was then filtered off. The residue was dried in an 
oil pump vacuum. In the case of a good solubility in methanol, the reaction solvent was evap-
orated completely and then the residue was washed with -30 °C cold n-pentane. 
 
4.9.1 Data for 2,5-(carbonyl-chloro-bis(triisopropylphosphine)-ruthenium(II)-vinyl)2-
N-(4-N,N-dimethylaminophenyl) pyrrole (10a)  
Compound 6a (58.4 mg, 0.15 mmol), tetra-n-butylammonium fluoride (112 mg, 0.35 
mmol) and HRu(CO)Cl(P
i
Pr3)2 (0.15 g, 0.31 mmol). Yield: 65 mg (0.05 mmol, 35 % based on 
6a); dark green solid, soluble in dichloromethane. Anal. calcd for C54H100Cl2N2O2P4Ru2 
(1206.33 g/mol) [%]: C, 53.76; H, 8.36; N, 2.32; found: C, 53.38; H, 8.39; N, 2.37. Mp.: 
152 °C. 
1
H NMR [C6D6, ppm] δ: 1.12, 1.18 (2 dd, 
3
JH-H = 13.2 Hz, 
3
JP-H = 7.0 Hz, 72 H, 
P(CH(CH3)2)3), 2.50 (s, 6 H, NMe2), 2.56 – 2.61 (m, 12 H, P(CH(CH3)2)3), 5.99 (dt, 2 H, 
3
JH-H 
= 13.2 Hz, 
4
JP-H = 2.2 Hz, RuCH=CH), 6.42 (s, 2 H, H-3/4), 6.65 (m, 2 H, C6H4), 7.29 (m, 2 
H, C6H4), 8.29 (dt, 2 H, 
3
JH-H = 13.2 Hz, 
3
JP-H = 1.2 Hz, RuCH=CH). 
13
C{
1
H} NMR [C6D6, 
ppm] δ: 19.95, 20.02 (2 s, P(CH(CH3)2)3), 24.44 (t, 
2
JC-P = 9.7 Hz, P(CH(CH3)2)3), 40.29 
(NMe2), 104.34 (C-3/4), 112.49 (C6H4), 126.17 (t, 
3
JC-P = 3.2 Hz, RuC=C), 129.29 (C-2/5), 
130.15 (C6H4), 133.42 (Ci-C4N), 144.49 (t, 
2
JC-P = 10.5 Hz, RuC=C), 149.84 (Ci-NMe2), 
203.84 (CO). 
31
P{
1
H} NMR [C6D6, ppm] δ: 51.55 (s, P
i
Pr3). IR data [KBr, cm
-1] ν: 823 (m, 
δo.o.p. =C-H), 1459, 1522, 1567 (m, νC=C, aryl, vinyl), 1905 (s, νCO), 2873 (w, νs-CH3), 2929, 2960 
(w, νas-CH3), 3046 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C54H100Cl2N2O2P4Ru2: 1188.4551, 
found: 1188.4608 [M-Cl+OH]
+
. 
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4.9.2 Data for 2,5-(carbonyl-chloro-bis(triisopropylphosphine)-ruthenium(II)-vinyl)2-
N-anisole pyrrole (10b)  
Compound 6b (56.4 mg, 0.15 mmol), tetra-n-butylammonium fluoride (112 mg, 0.35 
mmol) and HRu(CO)Cl(P
i
Pr3)2 (0.15 g, 0.31 mmol). Yield: 65 mg (0.05 mmol, 35 % based on 
6b); dark green solid, soluble in dichloromethane. Anal. calcd for C53H97Cl2NO3P4Ru2 
(1193.28 g/mol) [%]: C, 53.35; H, 8.19; N, 1.17; found: C, 53.21; H, 8.34; N, 1.27. Mp.: 
146 °C (decomp.). 
1
H NMR [C6D6, ppm] δ: 1.11, 1.17 (2 dd, 
3
JH-H = 13.2 Hz, 
3
JP-H = 7.0 Hz, 
72 H, P(CH(CH3)2)3), 2.54 – 2.61 (m, 12 H, P(CH(CH3)2)3), 3.27 (s, 3 H, OMe), 5.93 (dt, 2 H, 
3
JH-H = 13.2 Hz, 
4
JP-H = 2.2 Hz, RuCH=CH), 6.41 (s, 2 H, H-3/4), 6.88 (m, 2 H, C6H4), 7.30 
(m, 2 H, C6H4), 8.32 (dt, 2 H, 
3
JH-H = 13.3 Hz, 
3
JP-H = 1.1 Hz, RuCH=CH). 
13
C{
1
H} NMR 
[C6D6, ppm] δ: 19.91, 19.98 (2 s, P(CH(CH3)2)3), 24.45 (t, 
2
JC-P = 9.6 Hz, P(CH(CH3)2)3), 
54.96 (OMe), 104.54 (C-3/4), 114.13 (C6H4), 125.80 (t, 
3
JC-P = 3.5 Hz, RuC=C), 130.72 
(C6H4), 133.09 (C-2/5), 133.32 (Ci-C4N), 145.17 (t, 
2
JC-P = 10.9 Hz, RuC=C), 159.16 (Ci-
OMe), 203.85 (t, 
2
JC-P = 13.3 Hz, CO). 
31
P{
1
H} NMR [C6D6, ppm] δ: 51.57 (s, P
i
Pr3). IR data 
[KBr, cm
-1] ν: 1458, 1514 (m, νC=C, aryl, vinyl), 1908 (s, νCO), 2873 (w, νs-CH3), 2930, 2961 
(w, νas-CH3), 3085 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C53H97Cl2NO3P4Ru2: 560.7339, 
found: 560.7339 [M-2Cl-2H]
2+
. 
 
4.9.3 Data for 2,5-(carbonyl-chloro-bis(triisopropylphosphine)-ruthenium(II)-vinyl)2-
N-toloyl pyrrole (10c) 
Compound 6c (54 mg, 0.15 mmol), tetra-n-butylammonium fluoride (112 mg, 0.35 mmol) 
and HRu(CO)Cl(P
i
Pr3)2 (0.15 g, 0.31 mmol). Yield: 145 mg (0.12 mmol, 80 % based on 6c); 
dark violet solid, soluble in dichloromethane. Anal. calcd for C53H97Cl2NO2P4Ru2 (1177.28 
g/mol) [%]: C, 54.07; H, 8.30; N, 1.19; found: C, 53.76; H, 8.28; N, 1.36. Mp.: 140 °C (de-
comp.). 
1
H NMR [C6D6, ppm] δ: 1.10, 1.17 (2 dd, 
3
JH-H = 13.3 Hz, 
3
JP-H = 6.8 Hz, 72 H, 
P(CH(CH3)2)3), 2.09 (s, 3 H, Me), 2.53 – 2.60 (m, 12 H, P(CH(CH3)2)3), 5.92 (dt, 2 H, 
3
JH-H = 
13.3 Hz, 
4
JP-H = 1.9 Hz, RuCH=CH), 6.42 (s, 2 H, H-3/4), 7.10 (m, 2 H, C6H4), 7.30 (m, 2 H, 
C6H4), 8.32 (dt, 2 H, 
3
JH-H = 13.3 Hz, 
3
JP-H = 1.2 Hz, RuCH=CH). 
13
C{
1
H} NMR [C6D6, ppm] 
δ: 19.90, 19.98 (2 s, P(CH(CH3)2)3),  21.07 (CH3), 24.45 (t, 
2
JC-P = 9.6 Hz, P(CH(CH3)2)3), 
104.59 (C-3/4), 125.73 (t, 
3
JC-P = 3.9 Hz, RuC=C), 129.47 (C6H4), 129.57 (C6H4), 133.04 (C-
2/5), 136.94 (Ci-C4N), 137.72 (Ci-Me), 145.12 (t, 
2
JC-P = 11.1 Hz, RuC=C), 203.77 (t, 
2
JC-P = 
13.3 Hz, CO). 
31
P{
1
H} NMR [C6D6, ppm] δ: 51.57 (s, P
i
Pr3). IR data [KBr, cm
-1] ν: 1459, 
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1517 (m, νC=C, aryl, vinyl), 1911 (s, νCO), 2872 (w, νs-CH3), 2928, 2959 (w, νas-CH3), 3091 (w, 
ν=C-H). HR-ESI-MS [m/z]: calcd for C53H97Cl2NO2P4Ru2: 1177.3942, found: 1177.3914 [M]
+
. 
 
4.9.4 Data for 2,5-(carbonyl-chloro-bis(triisopropylphosphine)-ruthenium(II)-vinyl)2-
N-phenyl pyrrole (10d)  
Compound 6d (92 mg, 0.27 mmol), tetra-n-butylammonium fluoride (0.2 g, 0.63 mmol) and 
HRu(CO)Cl(P
i
Pr3)2 (0.266 g, 0.55 mmol). Yield: 0.14 g (0.12 mmol, 43 % based on 6d); dark 
violet solid, soluble in dichloromethane. Anal. calcd for C52H95Cl2NO2P4Ru2 (1163.26 g/mol) 
[%]: C, 53.69; H, 8.23; N, 1.20; found: C, 53.66; H, 8.30; N, 1.28. Mp.: 158 °C. 
1
H NMR 
[C6D6, ppm] δ: 1.09, 1.16 (2 dd, 
3
JH-H = 13.3 Hz, 
4
JH-H = 7.0 Hz, 72 H, P(CH(CH3)2)3), 2.53 – 
2.60 (m, 12 H, P(CH(CH3)2)3), 5.89 (dt, 2 H, 
3
JH-H = 13.3 Hz, 
4
JP-H = 2.25 Hz, RuCH=CH), 
6.41 (s, 2 H, H-3/4), 7.09 (m, 1 H, 
3
JH-H = 7.48 Hz, 1.16 Hz, C6H5/p-H), 7.25 (m, 2 H, 
3
JH-H = 
7.48 Hz, C6H5/o-H), 7.36 (m, 2 H, 
3
JH-H = 1.16 Hz, C6H5/m-H), 8.32 (dt, 2 H, 
3
JH-H = 13.21 
Hz, 
3
JP-H = 1.2 Hz, RuCH=CH). 
13
C{
1
H} NMR [C6D6, ppm] δ: 19.90, 19.96 (2 s, 
P(CH(CH3)2)3), 24.45 (t, 
2
JC-P = 9.8 Hz, P(CH(CH3)2)3), 104.67 (C-3/4), 125.60 (t, 
3
JC-P = 3.4 
Hz, RuC=C), 127.43 (C6H5), 128.79 (C6H5), 129.84 (C6H5), 133.01 (C-2/5), 140.36 (Ci-
C6H5), 145.38 (t, 
2
JC-P = 11.3 Hz, RuC=C), 203.72 (CO). 
31
P{
1
H} NMR [C6D6, ppm] δ: 51.57 
(s, P
i
Pr3). IR data [KBr, cm
-1] ν: 773 (m, δo.o.p. =C-H), 1460, 1498, 1569 (m, νC=C, aryl, vinyl), 
1905 (s, νCO), 2872 (w, νs-CH3), 2928, 2958 (w, νas-CH3), 3091 (w, ν=C-H). HR-ESI-MS [m/z]: 
calcd for C52H95Cl2NO2P4Ru2: 546.7196, found: 546.7204 [M-2Cl]
2+
. 
 
4.9.5 Data for 2,5-(carbonyl-chloro-bis(triisopropylphosphine)-ruthenium(II)-vinyl)2-
N-(4-ethylbenzoate) pyrrole (10e). 
Compound 6e (70 mg, 0.17 mmol), tetra-n-butylammonium fluoride (124 mg, 0.39 mmol) 
and HRu(CO)Cl(P
i
Pr3)2 (0.167 g, 0.34 mmol). Yield: 130 mg (0.1 mmol, 61 % based on 6e); 
dark brown solid, soluble in n-pentane. Anal. calcd for C55H99Cl2NO4P4Ru2 (1235.32 g/mol) 
[%]: C, 53.48; H, 8.08; N, 1.13; found: C, 53.83; H, 8.39; N, 1.01. Mp.: 157 °C. 
1
H NMR 
[C6D6, ppm] δ: 0.96 (t, 3 H, CH3), 1.07, 1.14 (2 dd, 
3
JH-H = 13.3 Hz, 
4
JH-H = 7.0 Hz, 72 H, 
P(CH(CH3)2)3), 2.50 – 2.58 (m, 12 H, P
i
Pr3), 4.07 (q, 2 H, CH2), 5.91 (dt, 2 H, 
3
JH-H = 13.2 
Hz, 
4
JP-H = 2.2 Hz, RuCH=CH), 6.42 (s, 2 H, H-3/4), 7.47 (m, 2 H, C6H4), 8.34 (m, 2 H, 
C6H4), 8.41 (dt, 2 H, 
3
JH-H = 13.2 Hz, 
3
JP-H = 1.1 Hz, RuCH=CH). 
13
C{
1
H} NMR [C6D6, ppm] 
δ: 14.18 (CH3), 19.86, 19.93 (2 s, P(CH(CH3)2)3), 24.43 (t, 
2
JC-P = 9.7 Hz, P(CH(CH3)2)3), 
KAPITEL G 
183 
60.99 (CH2), 105.33 (C-3/4), 125.05 (t, 
3
JC-P = 3.2 Hz, RuC=C), 129.80 (C6H4), 129.95 (C-
2/5), 130.36 (C6H4), 132.96 (Ci-CO2C2H5), 144.51 (Ci-C4N), 146.74 (t, 
2
JC-P = 11.1 Hz, 
RuC=C), 165.78 (C(O)), 203.57 (t, 
2
JC-P = 13.1 Hz, CO). 
31
P{
1
H} NMR [C6D6, ppm] δ: 51.70 
(s, P
i
Pr3). IR data [KBr, cm
-1] ν: 1273 (m, νC-O), 1459, 1606 (m, νC=C, aryl, vinyl), 1715 (m, 
νC=O), 1907 (s, νCO), 2873 (w, νs-CH3), 2929, 2959 (w, νas-CH3), 3094 (w, ν=C-H). HR-ESI-MS 
[m/z]: calcd for C55H99Cl2NO4P4Ru2: 581.7224, found: 581.7344 [M-2Cl-H]
2+
. 
 
4.9.6 Data for 2,5-(carbonyl-chloro-bis(triisopropylphosphine)-ruthenium(II)-vinyl)2-
N-(4-nitrobenzene) pyrrole (10f)  
Compound 6f (61.0 mg, 0.16 mmol), potassium carbonate (51 mg, 0.37 mmol) and 
HRu(CO)Cl(P
i
Pr3)2 (0.127 g, 0.26 mmol). Yield: 35 mg (0.03 mmol, 18 % based on 6f); dark 
green solid, soluble in dichloromethane. Anal. calcd for C52H94Cl2N2O4P4Ru2 (1208.25 g/mol) 
[%]: C, 51.69; H, 7.84; N, 2.32; found: C, 52.17; 
G106
 H, 7.86; N, 2.44. Mp.: 160 °C (de-
comp.). 
1
H NMR [C6D6, ppm] δ: 1.06, 1.13 (2 dd, 
3
JH-H = 13.3 Hz, 
4
JH-H = 7.1 Hz, 72 H, 
P(CH(CH3)2)3), 2.49 – 2.56 (m, 12 H, P(CH(CH3)2)3), 5.81 (dt, 2 H, 
3
JH-H = 13.3 Hz, 
4
JP-H = 
2.2 Hz, RuCH=CH), 6.37 (s, 2 H, H-3/4), 7.27 (m, 2 H, C6H4), 8.08 (m, 2 H, C6H4), 8.47 (dt, 
2 H, 
3
JH-H = 13.3 Hz, 
3
JP-H = 1.2 Hz, RuCH=CH). 
13
C{
1
H} NMR [C6D6, ppm] δ: 19.83, 19,89 
(2 s, P(CH(CH3)2)3), 24.43 (t, 
2
JC-P = 9.7 Hz, P(CH(CH3)2)3), 106.10 (C-3/4), 124.13 (C6H4), 
124.44 (t, 
3
JC-P = 3.4 Hz, RuC=C), 130.17 (C6H4), 133.15 (C-2/5), 146.06 (Ci-C4N), 146.87 
(Ci-NO2), 148.46 (t, 
2
JC-P = 10.5 Hz, RuC=C), 203.47 (CO). 
31
P{
1
H} NMR [C6D6, ppm] δ: 
51.88 (s, P
i
Pr3). IR data [KBr, cm
-1] ν: 1456, 1697 (m, νC=C, aryl, vinyl), 1340 (s, νs-NO2), 1523 
(s, νas-NO2), 1905 (s, νCO), 2873 (m, νs-CH3), 2927, 2960 (m, νas-CH3), 3087 (w, ν=C-H). HR-ESI-
MS [m/z]: calcd for C52H94Cl2N2O4P4Ru2: 568.2044, found: 568.2155 [M-2Cl-H]
2+
. 
 
4.9.7 Data for 2,5-(carbonyl-chloro-bis(triisopropylphosphine)-ruthenium(II)-vinyl)2-
(3,5-bis(trifluoromethyl)benzene) pyrrole (10g) 
Compound 6g (69.3 mg, 0.15 mmol), potassium carbonate ( mg, 0.34 mmol) and 
HRu(CO)Cl(P
i
Pr3)2 (0.142 g, 0.29 mmol). Yield: 71 mg (0.05 mmol, 37 % based on 6g); dark 
green solid, soluble in pentane. Anal. calcd for C54H93Cl2F6NO2P4Ru2 (1299.25 g/mol) [%]: 
C, 49.92; H, 7.21; N, 1.08; found: C, 49.51; H, 7.24; N, 1.26. Mp.: 162 °C. 
1
H NMR [C6D6, 
ppm] δ: 1.05, 1.11 (2 dd, 3JH-H = 13.3 Hz, 
4
JH-H = 7.1 Hz, 72 H, P(CH(CH3)2)3), 2.47 – 2.54 
(m, 12 H, P(CH(CH3)2)3), 5.78 (dt, 2 H, 
3
JH-H = 13.3 Hz, 
4
JP-H = 2.2 Hz, RuCH=CH), 6.40 (s, 
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2 H, H-3/4), 7.81 (s, 1 H, C6H3), 7.94 (s, 2 H, C6H3), 8.50 (dt, 2 H, 
3
JH-H = 13.3 Hz, 
3
JP-H = 1.2 
Hz, RuCH=CH). 
13
C{
1
H} NMR [C6D6, ppm] δ: 19.80 (P(CH(CH3)2)3), 24.54 (t, 
2
JC-P = 9.9 
Hz, P(CH(CH3)2)3), 105.18 (C-3/4), 123.78 (q, 
1
JCF = 273.3 Hz, CF3), 123.83 (t, 
3
JC-P = 3.4 
Hz, RuC=C), 127.84 (m, C6H3), 130.38 (m, C6H3), 132.47 (C-2/5), 132.73 (q, 
2
JCF = 33.7 Hz, 
Ci-C6H3), 142.24 (Ci-C4N), 148.20 (t, 
2
JC-P = 11.1 Hz, RuC=C), 203.42 (t, 
2
JC-P = 13.1 Hz, 
CO). 
31
P{
1
H} NMR [C6D6, ppm] δ: 51.54 (s, P
i
Pr3). IR data [KBr, cm
-1] ν: 1277 (s, νC-F), 
1470, 1561 (m, νC=C, aryl, vinyl), 1909 (s, νCO), 2875 (m, νs-CH3), 2932, 2963 (m, νas-CH3), 3094 
(w, ν=C-H). HR-ESI-MS [m/z]: calcd for C54H93Cl2F6NO2P4Ru2: 614.7070, found: 614.7099 
[M-2Cl]
2+
. 
 
4.9.8 Data for 2,5-(carbonyl-chloro-bis(triisopropylphosphine)-ruthenium(II)-vinyl)2-
N-methylpyrrole (11) 
Compound 7 (31 mg, 0.11 mmol), tetra-n-butylammonium fluoride (0.082 g, 0.26 mmol) 
and HRu(CO)Cl(P
i
Pr3)2 (0.110 g, 0.23 mmol). Yield: 18 mg (0.02 mmol, 15 % based on 7); 
dark violet solid, soluble in n-pentane. Anal. calcd for C47H93Cl2NO2P4Ru2 (1101.19 g/mol) 
[%]: C, 51.26; H, 8.51; N, 1.27; found: C, 51.46; H, 8.30; N, 1.67. Mp.: 125 °C (decomp.). 
1
H 
NMR [C6D6, ppm] δ: 1.15, 1.19 (2 dd, 
3
JH-H = 13.4 Hz, 
4
JH-H = 6.9 Hz, 72 H, P(CH(CH3)2)3),  
2.57 – 2.65 (m, 12 H, P(CH(CH3)2)3), 3.46 (s, 3 H, CH3), 6.22 (dt, 2 H, 
3
JH-H = 13.1 Hz, 
4
JP-H 
= 2.1 Hz, RuCH=CH), 6.29 (s, 2 H, H-3/4), 8.29 (dt, 2 H, 
3
JH-H = 13.1 Hz, 
3
JP-H = 1.1 Hz, 
RuCH=CH). 
13
C{
1
H} NMR [C6D6, ppm] δ: 19.96, 19.99 (2 s, P(CH(CH3)2)3), 24.59 (t, 
2
JC-P = 
9.6 Hz, P(CH(CH3)2)3), 28.72 (CH3), 104.61 (C-3/4), 125.43 (m, RuC=C), 146.22 (m, 
RuC=C), missing signal for C-2/5 and CO. 
31
P{
1
H} NMR [C6D6, ppm] δ: 51.75 (s, P
i
Pr3). IR 
data [KBr, cm
-1] ν: 1461, 1524 (m, νC=C, vinyl), 1905 (s, νCO), 2873 (w, νs-CH3), 2928, 2961 
(w, νas-CH3), 3094 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C47H93Cl2NO2P4Ru2: 1101.3626, 
found: 1101.3625 [M]
+
. 
 
4.9.9 Data for 2,5-(carbonyl-chloro-bis(triisopropylphosphine)-ruthenium(II)-vinyl)2-
furan (12)  
Compound 8 (40 mg, 0.15 mmol), tetra-n-butylammonium fluoride (0.112 g, 0.35 mmol) 
and HRu(CO)Cl(P
i
Pr3)2 (0.150 g, 0.31 mmol). Yield: 70 mg (0.06 mmol, 42 % based on 8); 
dark violet solid, soluble in dichloromethane. Anal. calcd for C46H90Cl2O3P4Ru2 (1088.15 
g/mol) [%]: C, 50.77; H, 8.34; found: C, 51.08; H, 8.36. Mp.: 157 °C. 
1
H NMR [C6D6, ppm] 
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δ: 1.21 – 1.26 (m, 72 H, P(CH(CH3)2)3), 2.62 – 2.67 (m, 12 H, P(CH(CH3)2)3), 5.78 (s, 2 H, 
H-3/4), 6.25 – 6.28 (dt, 2 H, 3JH-H = 13.4 Hz, 
4
JP-H = 2.2 Hz, RuCH=CH), 8.70 – 8.72 (dt, 2 H, 
3
JH-H = 13.4 Hz, 
3
JP-H = 1.2 Hz, RuCH=CH). 
13
C{
1
H} NMR [C6D6, ppm] δ: 19.95, 20.17 (2 s, 
P(CH(CH3)2)3), 24.86 (t, 
2
JC-P = 9.75 Hz, P(CH(CH3)2)3), 101.44 (C-3/4), 125.29 (t, 
3
JC-P = 
3.6 Hz, RuC=C), 149.53 (t, 
2
JC-P = 11.8 Hz, RuC=C), 151.75 (C-2/5), 204.03 (d, 
2
JC-P = 13.3 
Hz, CO). 
31
P{
1
H} NMR [C6D6, ppm] δ: 51.73 (s, P
i
Pr3). IR data [KBr, cm
-1] ν: 1458, 1565 
(m, νC=C, vinyl), 1906 (s, νCO), 2872 (w, νs-CH3), 2930, 2960 (w, νas-CH3). HR-ESI-MS [m/z]: 
calcd for C46H90Cl2O3P4Ru2: 508.1882, found: 508.1983 [M-2Cl]
2+
. 
 
4.9.10 Crystal data for 12  
Single crystals of 12 were obtained by diffusion of dimethyl sulfoxide into a diethyl ether 
solution containing 12 at 25 °C. C46H90Cl2O3P4Ru2, Mr = 1088.09 g·mol
-1
, crystal dimensions 
0.4 x 0.25 x 0.2 mm, orthorhombic, Pbca, purple crystal, λ = 0.71073 Å, a = 13.6927 (4) Å, 
b= 23.0397(11) Å, c = 35.0103(16) Å, α = β = γ = 90 °, V = 11044.9(8) Å3, Z = 8, 
ρcalcd = 1.309 g·cm
-3
, μ = 0.794 mm-1, T = 110 K, Θ range = 3.315–26.000 °, reflections col-
lected 41260, independent 10813, R1 = 0.0577, wR2 = 0.1259 [I ≥ 2σ(I)].  
 
4.9.11 Data for 2,5-(carbonyl-chloro-bis(triisopropylphosphine)-ruthenium(II)-vinyl)2-
thiophene (13) 
Compound 9 (29 mg, 0.10 mmol), tetra-n-butylammonium fluoride (0.076 g, 0.24 mmol) 
and HRu(CO)Cl(P
i
Pr3)2 (0.102 g, 0.21 mmol). Yield: 37 mg (0.03 mmol, 32 % based on 9); 
red brown solid, soluble in dichloromethane. Anal. calcd for C46H90Cl2O2P4Ru2S (1104.21 
g/mol) [%]: C, 50.03; H, 8.22; found: C, 50.14; H, 8.32. Mp.: 149 °C. 
1
H NMR [C6D6, ppm] 
δ: 1.16 – 1.21 (m, 72 H, P(CH(CH3)2)3), 2.58 – 2.64 (m, 12 H, P(CH(CH3)2)3), 6.40 (s, 2 H, 
H-3/4), 6.45 – 6.48 (dt, 2 H, 3JH-H = 13.3 Hz, 
4
JP-H = 2.2 Hz, RuCH=CH), 8.59 – 8.61 (dt, 2 H, 
3
JH-H = 13.3 Hz, 
3
JP-H = 1.1 Hz, RuCH=CH). 
13
C{
1
H} NMR [C6D6, ppm] δ: 19.90, 20.06 (2 s, 
P(CH(CH3)2)3), 24.73 (t, 
2
JC-P = 9.8 Hz, P(CH(CH3)2)3), 117.98 (C-3/4), 129.85 (t, 
3
JC-P = 3.4 
Hz, RuC=C), 141.75 (C-2/5), 149.10 (t, 
2
JC-P = 11.4 Hz, RuC=C), 203.89 (t, 
2
JC-P = 12.9 Hz, 
CO). 
31
P{
1
H} NMR [C6D6, ppm] δ: 51.83 (s, P
i
Pr3). IR data [KBr, cm
-1] ν: 1458, 1565 (m, 
νC=C, vinyl), 1902 (s, νCO), 2873 (w, νs-CH3), 2931, 2962 (w, νas-CH3), 3055 (w, ν=C-H). HR-ESI-
MS [m/z]: calcd for C46H90Cl2O2P4Ru2S: 1060.3630, found: 1060.3725 [M-Cl-CO+H2O]
+
; 
calcd for C46H90Cl2O2P4Ru2S: 583.1843, found: 583.1841 [M-((C2H2)Ru(P(C3H7)3)2(CO))-
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2Cl+2H+Na]
+
; calcd for C46H90Cl2O2P4Ru2S: 517.1916, found: 517.1848 [M-Cl-
2CO+H3O]
2+
.  
 
4.9.12 Crystal data for 13  
Single crystals of 13·Et2O were obtained by diffusion of dimethyl sulfoxide into a diethyl 
ether solution containing 13 at 25 °C. C50H100Cl2O3P4Ru2S, Mr = 1178.27 g·mol
-1
, crystal 
dimensions 0.1 x 0.05 x 0.01 mm, monoclinic, P21/n, purple crystal, λ = 1.54184 Å, 
a = 21.1504(13) Å, b = 9.4887(5) Å, c = 29.3304(13) Å, β = 92.687(4) °, V = 5879.8(5) Å3, 
Z = 4, ρcalcd = 1.331 g·cm
-3
, μ = 6.629 mm-1, T = 110 K, Θ range = 4.899–63.999 °, reflections 
collected 18382, independent 9710, R1 = 0.1049, wR2 = 0.2391 [I ≥ 2σ(I)].  
 
4.9.13 Synthesis of 2,5-(carbonyl-benzoato-bis(triisopropylphosphine)-ruthenium(II)-
vinyl)2-N-phenyl pyrrole (10d-benz)  
According to a published procedure 
G107
 benzoic acid (14.5 mg, 0.11 mmol) and potassium 
carbonate (21 mg, 0.15 mmol) were dissolved in 6 mL of degassed tetrahydrofuran and were 
stirred overnight at ambient temperature. The resulting colorless suspension was added drop-
wise to a solution of 10d (45 mg, 0.04 mmol) in tetrahydrofuran (6 mL). After 2 h of stirring 
at ambient temperature the color of the suspension had turned from purple to dark yellow. All 
volatiles were removed in vacuo and the residue was dissolved in toluene (20 mL) and filtered 
through a pad of Celite. Then the solvent was reduced to 2 mL and on addition of 15 mL n-
pentane the title compound precipitated. 
Yield: 0.03 g (0.02 mmol, 58 % based on 10d); dark yellow solid, soluble in dichloro-
methane. Anal. calcd for C66H105NO6P4Ru2 (1334.58 g/mol) [%]: C, 59.40; H, 7.93; N, 1.05; 
found: C, 59.63; H, 7.75; N, 1.21. Mp.: 85 °C (decomp.). 
1
H NMR [C6D6, ppm] δ: 1.17, 1.20 
(2 dd, 
3
JH-H = 12.8 Hz, 
4
JH-H = 6.7 Hz, 72 H, P(CH(CH3)2)3),  2.23 – 2.30 (m, 12 H, 
P(CH(CH3)2)3),  6.23 (dt, 2 H, 
3
JH-H = 15.4 Hz, 
4
JP-H = 2.1 Hz, RuCH=CH), 6.61 (s, 2 H, H-
3/4), 7.08 – 7.16 (m, 7 H, C6H5/p-H, C6H5/o-H, C6H5CO2/o-H), 7.35 (m, 2 H, C6H5CO2/p-H), 
7.55 (m, 2 H, C6H5/m-H), 8.24 (m, 4 H, C6H5CO2/m-H), 8.52 (dt, 2 H, 
3
JH-H = 15.5 Hz, 
3
JP-H = 
1.5 Hz, RuCH=CH). 
13
C{
1
H} NMR [C6D6, ppm] δ: 19.83, 19.88 (2 s, P(CH(CH3)2)3), 24.71 
(t, 
2
JC-P = 9.3 Hz, P(CH(CH3)2)3), 103.35 (C-3/4), 124.38 (t, 
3
JC-P = 3.3 Hz, RuC=C), 127.15 
(C6H5), 128.41 (C6H5), 128.78 (C6H5), 129.19 (C6H5), 130.10 (C6H5), 131.54 (C6H5), 134.97 
(s, Ci-C6H5CO2), 135.43 (s, C-2/5), 141.02 (s, Ci-C6H5), 153.33 (t, 
2
JC-P = 11.8 Hz, RuC=C), 
176.80 (s, O2CC6H5), 209.40 (t, 
2
JC-P = 14.2 Hz, CO). 
31
P{
1
H} NMR [C6D6, ppm] δ: 50.97 (s, 
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P
i
Pr3). IR data [KBr, cm
-1] ν: 719 (m, δo.o.p. =C-H), 1423 (m, νs-COO
-
), 1463, 1497, 1600 (m, νC=C, 
aryl, vinyl), 1529 (m, νas-COO
-
), 1904 (s, νCO), 2874 (m, νs-CH3), 2927, 2961 (m, νas-CH3), 3062 
(w, ν=C-H). HR-ESI-MS [m/z]: calcd for C66H105NO6P4Ru2: 1335.4978, found: 1335.4963 
[M]
+
; calcd: 1351.4927, found: 1351.4949 [M+O]
+
; calcd: 1368.4955, found: 1368.4941 
[M+O2]
+
. 
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1. Introduction 
Multiferrocenyl-functionalized aromatics and heteroaromatics are fascinating mole-
cules. Besides their uncommon molecular structures, such sterically crowded com-
pounds possess, for example, interesting electronic properties. 
H1
 Hence, they can be 
considered as model systems to study intramolecular electron transfer through π-
conjugated carbon-rich organic linking units via the mixed-valence states derived from 
these multi-metallic compounds. In this respect, the ferrocenyl group is beneficial since 
the [Fe(II)/Fe(III)] redox couple shows an excellent electrochemical reversibility and 
high thermal stability. 
H2
 The degree of electronic communication among the appropri-
ate metal centers has mostly been explored by electrochemical studies such as cyclic 
voltammetry (= CV), square wave voltammetry (= SWV) and spectroelectrochemistry 
(e.g., in situ UV-Vis/near-IR spectroscopy). Other relevant applications for reversible 
multi-step redox systems include their use in the field of catalysis, 
H3
 in biological 
studies 
H4
 or as novel molecular electro-active materials. 
H5
 
Super-crowded ferrocenyl-based organometallic compounds are moreover remarka-
ble species because the expected steric encumbrance may hinder chemical conjugation 
between the aromatic core and the ferrocenyl substituents. Representatives of this class 
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of compounds are, for example, ferrocenyl-end-grafted dendrimers 
H6,H7
 in which the 
intramolecular distance between the ferrocenyls is enlarged by various units such as 
ethynyl, 
H6a-c
 ethynyl benzene, 
H6d-e
 and ethynyl thiophene 
H1f
 or amidoamine-based 
dendrimers. 
H7
 Further examples of multi-ferrocenyl organometallic compounds are 
benzenes, 
H6b,c,H8,H9
 5-membered heterocylces 
H10,H11
 or even cobalt 
H12
 and manga-
nese 
H13
 half-sandwich species with up to six terminal ferrocenyl or ethynyl ferrocenyl 
entities, i. e. (FcC≡C)6C6, Fc6C6, 2,3,4,5-Fc4-
c
C4E (E = O, S, NPh, NMe), Co(η
4
-
Fc4C4)(η
5
-C5H5), and Mn(η
5
-Fc5C5)(CO)3. Electrochemical studies revealed that for the 
respective super-crowded ferrocenyl thiophene significant electrostatic interaction 
among the four ferrocenyl groups occurs as oxidation progresses. The spectroelectro-
chemical results showed several UV-Vis and near-IR peaks appearing or disappearing 
between 280 and 3000 nm as this compound is stepwisely oxidised to ultimately gen-
erate [2,3,4,5-Fc4-
c
C4S]
4+
. For the respective pyrrole compounds electronic interaction 
between the ferrocenyl/ferrocenium units is evidenced by in situ UV-Vis/near-IR spec-
troscopy. 
H10b
 In contrast, Vollhardt’s hexaferrocenyl benzene H9 and Astruc’s hexa-
ethynylferrocenyl benzene 
H6b,c
 show three separated redox events. 
 We here enrich this family of perferrocenylated benzenes and describe for the first 
time the synthesis of multiferrocenyl-substituted benzenes featuring alternating ferro-
cenyl and ethynyl ferrocenyl functionalities, which represent a combination of the 
structural motifs of Vollhardt´s 
H9
 and Astruc´s 
H6b,c
 benzenes. The physical and chem-
ical properties of 1,3,5-Cl3-2-(FcC≡C)-4,6-I2-C6, 1,3,5-Cl3-2,4-(FcC≡C)2-6-I-C6, 1,3,5-
Cl3-2,4,6-(FcC≡C)3-C6, 1,3-Cl2-5-Fc-2,4,6-(FcC≡C)3-C6, 1-Cl-3,5-Fc2-2,4,6-(FcC≡C)3-
C6 and 1,3,5-Fc3-2,4,6-(FcC≡C)3-C6 (Fc = Fe(η
5
-C5H4)(η
5
-C5H5)) as well as their elec-
trochemical properties will be highlighted. 
 
2. Results and discussion 
2.1 Synthesis and characterisation 
1,3,5-Trichloro-2,4,6-triiodo-C6 (2), 
H14
 which is accessible by an electrophilic aromatic 
substitution, 
H15
 was utilised as starting compound for the preparation of 1,3,5-Cl3-2,4,6-
(FcC≡C)3-C6 (4c) in a Sonogashira C,C cross-coupling reaction 
H16
 (Scheme H1). It appeared 
that four equivalents of 3 is imperative to the success of the reaction, since with a 1:3 stoichi-
ometry of 2 and 3 only the mono- and di-substituted species 1,3,5-Cl3-2-(FcC≡C)-4,6-I2-C6 
(4a) and 1,3,5-Cl3-2,4-(FcC≡C)2-6-I-C6 (4b), respectively, are formed (Scheme H1). Fur-
KAPITEL H 
195 
thermore, the concentration of the palladium catalyst [PdCl2(PPh3)2] in the Sonogashira C,C 
cross-coupling plays a crucial role. For the synthesis of 4c, 1 mol-% of the catalyst is required 
to obtain virtually quantitative yield of 4c (Experimental Section), while for the synthesis of 
4a and 4b 0.5 mol-% of the palladium catalyst is adequate. The separation of 4a from 4b was 
realised by column chromatography. 
 
Scheme H1. Synthesis of 2 
H14
 and 4a-c. 
 
 
The introduction of the ferrocenyl substituents in 4c to give 1,3,5-Fc3-2,4,6-(FcC≡C)3-C6 
(6c) was realized by the synthetic methodology shown in Scheme H2. The best results were 
obtained, when a 9 eq. of FcZnCl (5) as ferrocenyl source were reacted with 4c under typical 
Negishi C,C cross-coupling conditions 
H17
 using [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 
(0.25 mol-%) as catalyst (Scheme H2, Experimental Section). After appropriate work-up, 
compounds 6a–c, in which alternating Fc and FcC≡C units are attached to the benzene core, 
were isolated in the ratio of 1:11.2:3.6 (= 6a:6b:6c) (Scheme H2). 
 
Scheme H2. Synthesis of 6a–c from 4c and 5 ([Pd] = [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-
Cl)]2). 
 
 
The Fc and FcC≡C multi-substituted benzenes 4a–c and 6a–c (Schemes H1 and H2) 
were obtained as red (4b, 6b) or orange (4a,c and 6a,c) solids, which dissolve in al-
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most all common organic solvents, including toluene, dichloromethane and tetrahydro-
furan. They are stable towards air and moisture in the solid state and in solution. 
For comparison (see Spectroelectrochemistry Part) 1-FcC≡C-2-FcC6H4 (9) has been 
synthesized starting from 1-Br-2-I-C6H4 (7). 
H18
 When 7 was reacted with FcC≡CH 
(3), then 1-bromo-2-ethynylferrocenyl benzene (8) was formed, which on treatment 
with FcZnCl (5) under typical Negishi C,C cross-coupling conditions gave 9 (Experi-
mental Part). 
H18
 
Organometallics 4a–c and 6a–c have been identified by elemental analysis, NMR 
(
1
H, 
13
C{
1
H}) and IR spectroscopy as well as high resolution ESI-TOF mass spectrom-
etry (Experimental Section). In addition, they were analysed electrochemically using 
cyclic voltammetry and square wave voltammetry. Spectroelectrochemistry measure-
ments were carried out to prove if intramolecular electron transfer occurs in the mixed-
valent species using in situ UV-Vis/near-IR spectroscopy. 
The 
1
H and 
13
C{
1
H} NMR spectroscopic properties of 4a–c and 6a–c correlate with 
their formulations as Fc and FcC≡C multi-functionalised benzenes showing the respec-
tive signal patterns for the Fc, C≡C and C6 core building blocks. Most distinctive for 
the formation of these molecules is the appearance of the expected AA´XX´ signal pat-
tern 
H19
 for the C5H4 units (JHH = 1.9 Hz) and the singlet for the C5H5 moieties (Exper-
imental Section). Further characteristic in the 
13
C{
1
H} NMR spectra of all complexes 
are the signals for the ethynyl units, which resonate at ca. 65 ppm (C≡C-C6) and ca. 
100 ppm (C≡C-Fc), respectively (Experimental Section). 2D experiments such as CO-
SY, HSQC and HMBC were applied to assign the carbon signals in 4a–c and 6a–c un-
equivocally. Most characteristic in the IR spectrum of all newly synthesised com-
pounds is the appearance of one sharp CC stretching vibration between 2200 and 
2220 cm
-1
, specific for this distinctive unit. 
H20
 The formation of 4a–c and 6a–c was 
additionally evidenced from ESI-TOF mass spectrometric investigations. All organo-
metallic compounds show the molecular ion peak [M]
+
 (Experimental Section). More-
over, comparison of the measured isotope patterns (Cl, I) of 4a–c and 6a,b with the 
calculated ones confirm the elemental composition and charge state. 
Furthermore, single crystal X-ray diffraction studies have been carried out to deter-
mine the molecular structures of 4a (Figure H1), 4b (Figure H2) and 6a (Figure H3) in 
the solid state. Suitable single crystals of 4a,b and 6a could be obtained either by crys-
tallisation of 4a and 6a from dichloromethane solutions, or by slow diffusion of n-
hexane into a dichloromethane solution containing 4b at ambient temperature (Exper-
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imental Section). Important bond distances (Å), bond angles (°) and torsion angles (°) 
are summarised in the captions of Figures H1–H3. For crystal and structure refinement 
data see Supporting Information. Compound 4a crystallises in the triclinic space group 
P–1, 4b in the monoclinic space group C2/c and 6a in the orthorhombic space group 
Pccn. 
 
Figure H1. ORTEP diagram (50 % probability level) of the molecular structure of 4a 
with the atom numbering scheme. Hydrogen atoms are omitted for clarity. Selected 
bond distances (Å), angles (°) and torsion angles (°): Fe-D1 = 1.6483(5), Fe-D2 = 
1.6539(4), C1–C2 = 1.393(4), C2–C3 = 1.391(4), C3–C4 = 1.393(4), C4–C5 = 
1.391(4), C5–C6 = 1.397(4), C1–C6 = 1.399(4), C6–C7 = 1.430(4), C7–C8 = 1.196(4), 
C8–C9 = 1.423(4); D1–Fe1–D2 = 179.01(3), C8–C7–C6 = 177.5(3), C7–C8–C9 = 
178.3(3), C8–C9–C10 = 125.7(3), C8–C9–C13 = 126.7(3); Cl3–C1–C6–C7 = 1.6(4), 
Cl1–C5–C6–C7 = -0.7(4), C7–C8–C9–C10 = -72(12), C7–C8–C9–C13 = 110(12), I1–
C4–C5–Cl1 = 0.5(4), Cl3–C1–C2–I2 = 3.1(4), (D1 denotes the centroid of C5H4, while 
D2 denotes the centroid of C5H5). 
 
The asymmetric unit for 4a contains one molecule, whereas a half of a dimer of 4b is 
characteristic for the unit cell. In the case of 6a, two molecules describe the asymmet-
ric unit. The carbon-carbon bond lengths of the benzene cores of 4a,b and 6a in (aver-
age 1.394 Å) (Figures H1–H3) are in agreement with the distances found in unsubsti-
tuted benzene (1.39 Å). 
H21
 The C,C distances of the ethynyl units agree with C≡C 
bond lengths of this type of building blocks (1.20 Å). 
H21
 
The orientation of the cyclopentadienyl rings of the syn-oriented ferrocenyls to the 
six membered C6 cycle is almost coplanar in molecule 4b (3.6(10), 3.5(10) °), howev-
er, it somewhat deviates from planarity in 4a (14.6(2) °). All ferrocenyls in 4a,b and 6a 
possess an eclipsed conformation (4a, –0.8(2) °; 4b, –1.4(12), 1.1(9) °; 6a, 8.5(10), 
9.0(11), 2.6(11), 1.8(12) °). The more sterically demanding FcC≡C and Fc groups are 
bonded to the benzene core, the lower is the coplanarity of the ferrocenyls with the C6 
unit in 6a. However, for all iron-centroid distances in 4a,b and 6a as well as for all tor-
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sion angles, no significant differences occur. Reasons for the orientation of the ferro-
cenyls in 6a are the T-shaped π-π interactions between two ferrocenyls including intra-
molecular (Figure H4; 4.784(11) Å) as well as inter-molecular ones (Figure H4; 
4.981(13) Å). Furthermore, π-π interactions between the C5H5 moieties with the ben-
zene core (Figure SI1) could be found. 
 
 
Figure H2. ORTEP diagram (50 % probability level) of the molecular structure of 4b 
with the atom numbering scheme. Hydrogen atoms are omitted for clarity. Selected 
bond distances (Å), angles (°) and torsion angles (°): Fe1–D1 = 1.6491(15), Fe1–D2 = 
1.6538(15), Fe2–D3 = 1.6479(14), Fe2–D4 = 1.6538(14), C1–C21= 1.39(2), C21–C22 
= 1.20(2), C22–C25 = 1.413(17), C11–C23 = 1.403(18), C23–C24 = 1.208(19), C24–
C27 = 1.472(14); D1–Fe1–D2 = 178.40(11), D3–Fe2–D4 = 178.97(10), C1–C21–C22 
= 173.3(19), C21–C22–C25 = 167.3(18), C11–C23–C24 = 179.3(18), C23–C24–C27 = 
172.9(15) (D1, D3 denote the centroid of C5H4, while D2, D4 denote the centroid of 
C5H5). 
 
 
Figure H3. ORTEP diagram (50 % probability level) of the molecular structure of 6a 
with the atom numbering scheme. Hydrogen atoms are omitted for clarity. Selected 
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bond distances (Å), angles (°) and torsion angles (°): Fe1–D1 = 1.623(2), Fe1–D2 = 
1.645(2), Fe2–D3 = 1.663(2), Fe2–D4 = 1.642(2), Fe3–D5 = 1.661(2), Fe3–D6 = 
1.649(2), Fe4–D7 = 1.643(3), Fe4–D8 = 1.651(3), C1–C7 = 1.514(16), C6–C41 = 
1.459(14), C41–C42 = 1.18(2), C42–C43 = 1.45(2), C4–C29 = 1.415(16), C29–C30 = 
1.23(2), C30–C31 = 1.42(2), C2–C17 = 1.440(16), C17–C18 = 1.20(2), C18–C19 = 
1.43(2), C3–Cl1 = 1.720(7), C5–Cl2 = 1.724(7); D1–Fe1–D2 = 175.69(18), D3–Fe2–
D4 = 178.07(16), D5–Fe3–D6 = 178.28(17), D7–Fe4–D8 = 179.23(16), C18–C17–C2 
= 171.7(14), C30–C29–C4 = 174.1(14), C42–C41–C6 = 173.8(16), C7–C1–C6 = 
121.1(7), C7–C1–C2 = 118.8(7); C7–C1–C2–C17 = -13.1(11), C7–C1–C6–C41 = 
2.4(11), Cl1–C3–C4–C29 = -2.5(9), C29–C4–C5–Cl2 = -1.9(9), C19–C18–C17–C2 = 
94.36, C43–C42–C41–C6 = -156.17, C31–C30–C29–C4 = -82.58, (D1, D3, D5, D7 
denote the centroid of C5H4, while D2, D4, D6, D8 denote the centroid of C5H5). 
 
Compound 4b can best be transcribed by the symmetry operation –x, 1–y, –z, which 
results in a rectangular shaped dimer (Figure SI3) with parallel displaced π-π interac-
tions between both C6 cycles of 3.615(13) Å.
22
 Furthermore, 4b is strongly disordered 
over two positions (0.6:0.4) in which the ferrocenes of the disordered part correspond 
to the corners of the rectangle formed by the initial dimer. However, the C6 core is ro-
tated by 45 ° providing interaction with a third ferrocenyl corner (Figures SI2 and SI3, 
Supporting Information). 
 
 
Figure H4. ORTEP diagram (50 % probability level) of the molecular structure of 6a, 
showing intra- (left) and inter-molecular (right) T-shaped π–π interactions between the 
ferrocenyls. Hydrogen atoms are omitted for clarity. Orange: iron; green: chlorine; 
blue: distances between two centroids. (Left): 4.784(11) Å; (right): 4.981(13) Å. 
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2.2 Electrochemistry 
The redox properties of 4a–c and 6a–c have been determined by cyclic voltammetry 
(= CV) and square-wave voltammetry (= SWV) (Figure H5). Dichloromethane solu-
tions containing the respective analyte (1.0 mmol·L
-1
) and [
n
Bu4N][B(C6F5)4] 
(0.1 mol·L
-1
) 
H10,H11,H23,H24 
 as supporting electrolyte were used for the measurements. 
The CV studies have been performed at a scan rate of 100 mV·s
-1
 and the results are 
summarised in Figure H5. The appropriate potential values are given in Table H1. All 
redox potentials are referenced to the FcH/FcH
+
 redox couple (E°′ = 0 mV, FcH = 
Fe(η5-C5H5)2). 
H25
  
From Figure H5 it can be seen that the cyclic and square wave voltammograms of 
4a–c show only one reversible redox event irrespective of the number of FcC≡C units 
present, evincing the simultaneous oxidation of the Fc groups. Furthermore, it is found 
that an increasing number of redox-active Fc groups at the benzene core results in a 
shift of the E°1 values to higher potentials (4a, E°1 = 190 mV; 4b, E°1 = 195 mV; 4c, E°1 
= 390 mV) (Table H1). This indicates that the more FcC≡C moieties are present, the 
more difficult is the oxidation of the Fe(II) centres, which is in agreement with the 
electron withdrawing character of the ferrocenyl ethynyl building blocks. In contrast to 
4c, 1,3,5-tris(ethynylferrocenyl) benzene (dichloromethane, [
n
Bu4N][B(3,5-
C6H3(CF3)2)4] as supporting electrolyte) 
H6b
 possesses three well-separated reversible 
redox events with redox splittings of ΔE°1 ≈ 200 mV and ΔE°2 ≈ 170 mV. 
H6b Geiger 
has shown that [nBu4N][B(3,5-(CF3)2-(C6H3)4] and [
n
Bu4N][B(C6F5)4] possess quite 
similar ion pairing capabilities in dichloromethane and both these fluorinated borates 
act as very weak coordinating counter ions, thus it is expected that the appropriate ΔE°′ 
values are similar for both electrolytes. H23 Against this background the different redox 
behaviour of 4c and 1,3,5-tris(ethynylferrocenyl) benzene is surprising. On the one 
hand it could be shown that the electronic communication between the terminal ferro-
cenyl units is suppressed, when electron poor aromatics are used as bridging sys-
tems. 
H1c,H10b,H26
 On the other hand, the electron withdrawing effect of the chlorine at-
om leads to a partially negative charge, which enables attractive interactions with the 
neighbouring Fc
+C≡C units, compensating the repulsive electrostatic destabilisation 
(Figure H6). Thus, the thermodynamic stability of mixed-valent oxidation states 4c
n+
 
(n = 1, 2) is reduced and no redox splitting could be observed. The importance of elec-
trostatic effects on the ΔE°′ values especially in case of weakly coupled systems has 
recently been pointed out by Winter, who strongly emphasizes that ∆E°′ is not a suffi-
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cient measure for the electron delocalisation within mixed-valent species. 
H27
 However, 
attempts to accurately model such electrostatic interactions and their effect on ∆E°′ 
may in future help for a better understanding of the electrochemical properties of 
mixed-valent systems. 
H28
 
 
Figure H5. Voltammograms of dichloromethane solutions containing 1.0 mmol·L
-1
 of 
4a–c and 6a–c at 25 °C. Supporting electrolyte [nBu4N][B(C6F5)4] (0.1 mol·L
-1
). Left: 
Cyclic voltammograms (scan rate: 100 mV·s
-1
). Right: Square-wave voltammograms 
(step-height: 25 mV; pulse-width: 5 s; amplitude: 5 mV). 
 
When the chlorine substituents of 4c were stepwisely replaced with ferrocenyl units in 6a-c, 
a more resolved redox behaviour with a separate oxidation of the individual ferrocenyls could 
be observed. A comparison of the formal oxidation potentials of ferrocenyl benzene 
(E°′ = 40 mV) H29 and ethynylferrocenyl benzene (E°′ = 115 mV) H30 allows to estimate that 
the ferrocenyls are oxidised prior to the FcC≡C units in 6a–c. The oxidation potential of the 
1
st
 Fc oxidation decreases from 6a (E°′ = 40 mV) to 6c (E°′ = -80 mV) as the electron with-
drawing chlorine substituents are replaced by electron-rich ferrocenyl termini. The redox 
splitting between the directly bonded ferrocenyl groups for 6c (ΔE°1 = ΔE°2 = 150 mV) re-
sembles those of triferrocenyl benzene (ΔE°1 = 140 mV; ΔE°2 = 145 mV). In contrast to 4c, 
the ethynylferrocenyl units of 6c are oxidized separately. For 6c
3+
 the directly bonded Fc units 
are oxidised to ferrocenium termini which possess an equal or ever stronger electron with-
drawing character as the chlorine substituents in 4c, nevertheless, those groups are positively 
charged and therefore, add further repulsive electrostatic interactions in 6c (Figure H6).  
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Noteworthy is the high ΔEp value of 108 mV for the second redox wave of 6a, sug-
gesting that two individual reversible one-electron processes take place in a close po-
tential range. Hence, the square wave voltammogram gives an integrated peak area of 
1:2:1, which verifies the presence of two closely spaced one-electron processes (Figure 
H5). Deconvolution of the SWV of 6a using four Gaussian-shaped functions resulted 
in ΔE°2 = 60 mV (Supporting Information Figure SI4). The calculation of the signal 
width at half of the maximum current 
H31
 to estimate the redox separation gave a simi-
lar value of ΔE°2 = 68 mV. This clearly confirms that the second oxidation process 
consists of two superimposed redox waves. It was found that the reduction process of 
the sixth redox wave of 6c shows a somewhat sharper current peak and hence suggests 
the precipitation of 6c
6+
 on the surface of the working electrode, which is not unusual 
for highly charged ions. 
H4,H23e 
 
 
Table H1. Cyclic voltammetry data (potentials vs FcH/FcH
+
), scan rate 100 mV·s
-1
 at 
a glassy carbon electrode of 1.0 mmol·L
-1
 solutions of the analytes in dry dichloro-
methane containing 0.1 mol·L
-1
 of [
n
Bu4N][B(C6F5)4] as supporting electrolyte at 
25 °C. All potentials are given in [mV]. 
compd. 
E°1
a 
(∆Ep)
b 
E°2
a 
(∆Ep)
b 
E°3
a 
(∆Ep)
b 
E°4
a 
(∆Ep)
b 
E°5
a 
(∆Ep)
b
 
E°6
a 
(∆Ep)
b ∆E°
c
 
4a 190 (71) - - - - - - 
4b 195 (59) - - - - - - 
4c 390 (59) - - - - - - 
6a 40 (74) 225 (108) 360 (84) - - - 185/68
d
/135 
6b
e
 -50 90 250 335 485 - 140/160/85/150 
6c -80 (75) 70 (68) 220 (69) 420 (65) 530 (63) 660 (147) 
150/150/200/110/
130 
aE°′ = formal potential. bΔEp = difference between oxidation and reduction potential. 
cΔE°′ = potential 
difference between the redox processes. 
d
Potential difference between the two redox processes deter-
mined by the application of the Richardson and Taube method. 
H31
 When using the deconvolution of the 
redox separation of the oxidation potentials in SWV (Figure SI4), ΔE°′ = 60 mV. eValues determined 
using Square Wave Voltammetry. 
 
Due to the use of different electrolytes in the electrochemical measurements a com-
parison with related work is difficult. Vollhart´s hexaferrocenyl benzene gave only 
three redox processes consistent of a one (E°1 = -163 mV), a two (E°2 = -32 mV) and 
a three (E°3 = 222 mV) electron process (dichloromethane, [
n
Bu4N][PF6] as supporting 
electrolyte). 
H9
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However, the use of the classical [PF6]
-
 counter ion compensates most of the electro-
static repulsion by ion-pairing with the analyte. Hence, it is expected that the use of a 
weakly coordinating anion (= WCA, i.e. [
n
Bu4N][B(C6F5)4]) would probably enable 
the separate oxidation of all six ferrocenyl units. In the case of hex-
akis(ethynylferrocenyl)benzene (E°1 = -50 mV, E°2 = 170 mV, E°3 = 360 mV; di-
chloromethane, [
n
Bu4N][B(3,5-(CF3)2-(C6H3)4] as supporting electrolyte) 
H6b,c
 even the 
use of WCA electrolytes only resulted in the observation of three reversible redox 
waves. The combination of both structural motifs, however, led to a well-separated 
redox behaviour as the ferrocenyl units in-between the Fc
+C≡C moieties of 6c stabilise 
the mixed valent forms 6c
3-6+
 by additional repulsive electrostatic interactions.  
For a further investigation of the electronic properties of 6a–c in situ spectroelectro-
chemical UV−Vis/near-IR measurements have been carried out to prove, if the interac-
tions between the Fc/Fc
+
 groups are solely caused by electrostatic contributions or if an 
intramolecular electron transfer between the redox-active ferrocenyl moieties via the 
carbon-rich connectivities occurs. 
 
 
Figure H6. Repulsive (red) and attractive (blue) electrostatic interactions within 1,3,5-
tris(ethynylferrocenyl) benzene, 4c
3+
 and 6c
6+
. 
 
2.3 Spectroelectrochemistry 
The spectroelectrochemical studies were performed in an OTTLE (= Optically 
Transparent Thin-Layer Electrochemistry) cell 
H32 
and the potential was increased 
stepwisely (step heights: 15 mV, 25 mV, 50 mV or 100 mV) from -200 to 1000 mV vs 
Ag/AgCl. Dichloromethane solutions containing 6a, 6b or 6c (0.001 mol·L
-1
) and 
[
n
Bu4N][B(C6F5)4] (0.1 mol·L
-1
) as electrolyte were used at 25 °C. Starting from neu-
tral 6a–c, the stepwise increase of the potential allows the in situ generation of cationic 
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6a–cn+ (n = 1–4 (6a), n = 2 and n = 3 are formed at the same potential; 1–5 (6b); 1–6 
(6c)) (Figure H7, Figures SI5 and SI6).  
For neutral 6a,b, as expected, no absorptions in the near-IR region (1000–3000 nm) 
were observed. Upon subsequent oxidation steadily increasing absorptions with low 
extinctions (εmax = 50–270 L·mol
-1
·cm
-1
) at 1270 nm (6a
n+
, n = 1–4) and 1300 nm 
(6b
n+
, n = 1–5) were found (Figures SI5 and SI6). These absorptions can be assigned to 
LMCT (= Ligand-to-Metal Charge Transfer) transitions. 
H33
 In the UV-Vis region 
(250-750 nm), excitations including the π-π* transitions of the benzene core as well as 
the d-d transitions of the Fc substituents could be detected. 
H34
 Since no IVCT (= Inter-
Valence Charge Transfer) absorptions were observed, mainly electrostatic interactions 
(ΔEe) are responsible for the observed redox splittings between the equally charged 
redox centres in 6a,b
n+
 (6a, n = 2–4; 6b, n = 2–5). Therefore, in 6a,b any oxidation 
state can be classified as class I system according to Robin and Day. 
H35
 However, up-
on oxidation of 6c, a weak and broad excitation in the near-IR region (Figure H7) was 
observed of which the band of the dicationic species is hypso- and hyperchromically 
shifted compared with 6c
+
. The physical parameters have been determined by decon-
volution of the experimental spectra using three Gaussian-shaped functions (Figure 
H7) (6c
+
, νmax = 7860 cm
-1, Δν1/2 = 7070 cm
-1
, εmax = 405 L·mol
-1
·cm
-1
; 6c
2+
, νmax = 
9070 cm
-1, Δν1/2 = 8010 cm
-1
, εmax = 620 L·mol
-1
·cm
-1
). Due to the low absorption in 
the near-IR region detected for 6c
+/2+
, the compounds can be classified as weakly cou-
pled class II systems according to Robin and Day. 
H35
 On further oxidation of 6c
2+
 to 
6c
3+
 (400 to 1000 mV) this excitation disappeared. The spectroelectrochemical behav-
iour of 6c is similar to that of 1,3,5-Fc3C6H3 and 2,4,6-Fc3C5H2N (1,3,5-Fc3C6H3
+
, νmax 
= 6970 cm
-1
,  ∆ν1/2 = 6240 cm
-1
, εmax = 35 L·mol
-1
·cm
-1
; 1,3,5-Fc3C6H3
2+
, νmax = 6590 
cm
-1
, ∆ν1/2 = 6220 cm
-1
, εmax = 105 L·mol
-1
·cm
-1 
| 2,4,6-Fc3C5H2N
+
, νmax = 6010 cm
-1
, 
∆ν1/2 = 7515 cm
-1
, εmax = 30 L·mol
-1
·cm
-1
; 2,4,6-Fc3C5H2N
2+
, νmax = 6290 cm
-1
, ∆ν1/2 = 
7550 cm
-1
, εmax = 65 L·mol
-1
·cm
-1
). 
H1c
 However, upon consecutive oxidation of 1,3,5-
Fc3C6H3 a bathochromic shift of the IVCT absorption was observed, while the IVCT 
transition of 2,4,6-Fc3C5H2N shifts hypsochromically, when oxidation from the mono- 
to the dicationic species takes place. This indicates that an increasing electron poorness 
of the aromatic core, caused by the nitrogen atom 
H1c
 or the electron-withdrawing 
FcC≡C groups in 6c, is responsible for the shift of the IVCT bands towards higher en-
ergy, when the mixed valent Fe(II)/Fe(II)/Fe(III) species is oxidised to the 
Fe(II)/Fe(III)/Fe(III) system. 
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Figure H7. UV-Vis/near-IR spectra of 6c at rising potentials vs Ag/AgCl: left -200 to 
245 mV (left top), 245 to 400 mV (left middle), 400 to 1000 mV (bottom). Right: De-
convolution of the near-IR absorptions at 245 mV (top) and 400 mV (middle) of in situ 
generated 6c
+
 and 6c
2+
 using three Gaussian-shaped graphs. Measurement conditions: 
25 °C, dichloromethane, 0.1 mol·L
-1
 [
n
Bu4N][B(C6F5)4] as supporting electrolyte. 
 
 
Besides the electronic interaction pathway along the meta-substituted directly bonded 
ferrocenyl units, an interaction between ortho-substituted Fc and FcC≡C moieties 
seems possible. In this respect, 1-FcC≡C-2-FcC6H4 (9) has been investigated by in situ 
UV-Vis/near-IR spectroscopy. In contrast to the UV-Vis/near-IR spectrum of 6c
n+
 
(n = 1, 2) mixed-valent 9
+
 shows no IVCT but a LMCT absorption at 760 cm
-1
 (Fig-
ure SI9), indicating no electronic interactions between the Fe(II)/Fe(III) centres of the 
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FcC≡C and Fc units. This observation confirms that the charge transfer in 6cn+ (n = 1, 
2) occurs solely between the directly bonded Fc/Fc
+
 termini.  
The electron poor character of the benzene core of 6b, caused by the electron-
withdrawing effect of the chlorine in position 1, is not capable of facilitating the charge 
transfer between Fc/Fc
+
 in 3,5-positions. 
 
 
3. Conclusion 
A series of (multi)ferrocenyl-substituted benzenes such as 1,3,5-Cl3-2-(FcC≡C)-4,6-
I2-C6 (4a), 1,3,5-Cl3-2,4-(FcC≡C)2-6-I-C6 (4b), 1,3,5-Cl3-2,4,6-(FcC≡C)3-C6 (4c), 1,3-
Cl2-5-Fc-2,4,6-(FcC≡C)3-C6 (6a), 1-Cl-3,5-Fc2-2,4,6-(FcC≡C)3-C6 (6b) and 1,3,5-Fc3-
2,4,6-(FcC≡C)3-C6 (6c) (Fc = Fe(η
5
-C5H4)(η
5
-C5H5) have been prepared using palladi-
um-catalysed Sonogashira and Negishi C,C cross-coupling reactions of halogenated 
aromatics with ethynylferrocene and ferrocenyl zinc chloride, respectively. The con-
centration of the [PdCl2(PPh3)2] and the amount of FcC≡CH in the Sonogashira C,C 
cross-coupling plays a crucial role for the formation of 4c. The structures of 4a,b and 
6a, in the solid state were determined by single crystal X-ray diffraction analysis. 
Compound 4b forms a dimeric structure in the solid state, caused by parallel displaced 
π–π interactions between the centroids of the two C6 cores of this dimer. 
H22
 For 6a 
more complex T-shaped π–π interactions, which are of intra- as well as of intermolecu-
lar type, occur. The redox properties of 4a–c and 6a–c were studied by cyclic and 
square wave voltammetry. The ferrocenyl units within compounds 4b,c are oxidised 
simultaneously. The partial negative charge of the electronegative chlorine atom in 
between the Fc
+
 moieties of 4c
n+ 
(n = 2, 3) compensates the repulsive electrostatic Fc
+–
Fc
+
 interactions with attractive electrostatic Fc
+–Clδ- interactions, destabilising the 
mixed-valent oxidation states. The absence of these chlorine atoms in 1,3,5-
tris(ethynylferrocenyl) benzene thus leads to the observation of three well-separated 
reversible redox events, when weakly coordination anions as supporting electrolytes 
are applied. 
H6b,c,H23
 A comparison of ferrocenyl benzene 
H29
 and ethynylferrocenyl 
benzene 
H30
 shows that most likely the directly bonded ferrocenyl units are oxidised at 
lower potential than the ethynylferrocenyl units in 6a–c. The first three redox events in 
6c are resolved into one-electron waves as is typical for triferrocenyl benzenes, oxi-
dised separately. Furthermore, the ferrocenium units of 6c
3+
 add further repulsive elec-
trostatic interactions leading to a separate oxidation of the FcC≡C units. This also ex-
plains the different behaviour of 6c, showing six reversible Fc–based one-electron oxi-
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dations compared to Astruc´s C6(C≡CFc)6 
H6b,c
 in which only three redox events have 
been observed using comparable measurement conditions.  
In addition, in situ UV-Vis/near-IR studies revealed IVCT excitations in the mixed-
valent oxidation states of 6c
+
 and 6c
2+
 attributed to the Fe(II)/Fe(III) metal centres of 
the directly bonded ferrocenyl groups. Therefore, the mixed-valent species 6c
n+
 (n = 1, 
2) can be classified as weakly coupled class II systems according to Robin and 
Day. 
H35
 The spectroscopic characteristics of 6c
n+
 (n = 1, 2) resemble those of 1,3,5-
Fc3C6H3 and 2,4,6-Fc3C5H2N 
H1c
 demonstrating that the electron transfer occurs be-
tween the Fc/Fc
+ 
groups, while the pathway through the ortho-substituted Fc
+/FcC≡C 
units is unsuited for electronic interactions. This was confirmed by in situ UV-
Vis/near-IR investigations of 1-ethynylferrocenyl-2-ferrocenyl benzene (9) showing no 
IVCT absorptions in the mixed-valent oxidation state. Class I systems 6a,b showed 
only LMCT transitions during these measurements. 
 
4. Experimental Section 
4.1 General conditions  
All reactions were carried out under an atmosphere of argon using standard Schlenk 
techniques. Drying of n-hexane, diethyl ether and dichloromethane was performed 
with a MBraun MB SPS-800 system (double column solvent filtration, working pres-
sure 0.5 bar). Tetrahydrofuran was purified by distillation from sodium/benzophenone 
ketyl, and methanol was purified by distillation from magnesium. Diisopropylamine 
was purified by distillation from calcium hydride.  
 
4.2 Reagents 
Periodic acid, potassium iodide, 1,3,5-trichlorobenzene (1), triphenylphosphane, 
copper(I)iodide,
 t
BuLi (1.9 M solution in n-pentane), ferrocene, 1-bromo-2-iodo-
benzene (7) and KO
t
Bu were purchased from commercial suppliers and were used 
without further purification. FcC≡CH (3), H36 [nBu4N][B(C6F5)4] 
H24
 and 
[PdCl2(PPh3)2] 
H37
 were prepared according to published procedures. The palladium 
pre-catalyst [P(
t
C4H9)2C(CH3)2CH2Pd(μ-Cl)]2 was synthesized according to Clark et 
al. 
H38
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4.3 Instruments  
1
H NMR (500.3 MHz) and 
13
C{
1
H} NMR (125.8 MHz) spectra were recorded with a 
Bruker Avance III 500 spectrometer operating at 298 K in the Fourier transform mode. 
Chemical shifts are reported in δ units (parts per million) using undeuterated solvent 
residues as internal standard (CDCl3: 
1
H at 7.26 ppm and 
13
C{
1
H} at 77.16 ppm). In-
frared spectra were recorded using a FT-Nicolet IR 200 equipment. The melting points 
of analytical pure samples (sealed off in nitrogen-purged capillaries) were determined 
with a Gallenkamp MFB 595 010 M melting point apparatus. Microanalyses were per-
formed using a Thermo FLASHEA 1112 Series instrument. High-resolution mass 
spectra were performed with a micrOTOF QII Bruker Daltonite workstation. 
 
4.4 Single crystal X-ray diffraction analysis  
Data for 4a,b and 6a were collected with an Oxford Gemini S diffractometer using 
graphite-monochromatised Mo-Kα radiation (λ = 0.71073 Å). The molecular structure 
was solved by direct methods using SHELXS-97 
H39
 and refined by full-matrix least-
squares procedures on F
2
 using SHELXL-97. 
H40
 All non-hydrogen atoms were refined 
anisotropically and a riding model was employed in the treatment of the hydrogen at-
om positions.  
 
4.5 Electrochemistry  
Measurements on 1.0 mmol·L
-1
 solutions of the analytes in dry air free dichloro-
methane containing 0.1 mol·L
-1
 of [
n
Bu4N][B(C6F5)4] as supporting electrolyte were 
conducted under a blanket of purified argon at 25 °C utilising a Radiometer Voltalap 
PGZ 100 electrochemical workstation interfaced with a personal computer. A three 
electrode cell, which utilised a Pt auxiliary electrode, a glassy carbon working elec-
trode (surface area 0.031 cm
2
), and an Ag/Ag
+
 (0.01 mol·L
-1
 AgNO3) reference elec-
trode mounted on a Luggin capillary was used. The working electrode was pretreated 
by polishing on a Buehler microcloth first with a 1 μm and then with a 1/4 μm dia-
mond paste. The reference electrode was built from a silver wire inserted into a solu-
tion of 0.01 mol·L
-1
 [AgNO3] and 0.1 mol·L
-1
 [
n
Bu4N][B(C6F5)4] in acetonitrile, in a 
Luggin capillary with a Vycor tip. This Luggin capillary was inserted into a second 
Luggin capillary with a Vycor tip filled with a 0.1 mol·L
-1
 dichloromethane solution of 
[
n
Bu4N][B(C6F5)4]. 
H24
 Successive experiments under the same experimental condi-
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tions showed that all formal reduction and oxidation potentials were reproducible with-
in 5 mV. Experimentally potentials were referenced against an Ag/Ag
+
 reference elec-
trode but results are presented referenced against ferrocene 
H41
 (FcH/FcH
+
 couple = 
220 mV vs Ag/Ag
+, ΔEp = 61 mV) as an internal standard as required by IUPAC. 
H25
 
When decamethylferrocene was used as an internal standard, the experimentally meas-
ured potential was converted into E vs FcH/FcH
+
 (under our conditions the Fc*/Fc*
+
 
couple was at -614 mV vs FcH/FcH
+
, ΔEp = 60 mV). 
H42
 Data were then manipulated 
on a Microsoft Excel worksheet to set the formal redox potentials of the FcH/FcH
+
 
couple to E°′ = 0.0 V. The cyclic voltammograms were taken after typical two scans 
and are considered to be steady state cyclic voltammograms in which the signal pattern 
differs not from the initial sweep. 
 
4.6 Spectroelectrochemistry  
Spectroelectrochemical UV-Vis/near-IR measurements of 0.1 (6c) and 2.0 mmol·L
-1 
solutions (6a,b) in dry dichloromethane containing 0.1 mol·L
-1
 of [
n
Bu4N][B(C6F5)4] 
as the supporting electrolyte were performed in an OTTLE (= Optically Transparent 
Thin-Layer Electrochemistry, quartz windows for UV/Vis-near-IR) 
H32
 cell with a Var-
ian Cary 5000 spectrophotometer (UV-Vis/near-IR) at 25 °C. Between the spectro-
scopic measurements the applied potentials have been increased step-wisely using step 
heights of 15, 25, 50 or 100 mV. At the end of the measurements the analyte was re-
duced at -500 mV for 15 min and an additional spectrum was recorded to prove the 
reversibility of the oxidations. 
 
4.7 Synthesis of 1,3,5-trichloro-2,4,6-triiodo-benzene (2)  
The preparation of compound 2 was carried out using a modified procedure from the 
literature. 
H14
 To 500 mL concentrated H2SO4 periodic acid (30.15 g; 132.3 mmol) was 
slowly added in small portions (5 g) at ambient temperature. For a complete dissolu-
tion of the periodic acid the reaction mixture was stirred vigorously. After adding KI 
(65.86 g; 411.6 mmol) at 0 °C in small portions (10 g) over 1 h, the resulting deep pur-
ple solution was treated with 1,3,5-trichlorobenzene (1) (7.00 g; 38.6 mmol) in three 
portions (2.33 g) over 25 min at 0 °C. The reaction mixture was allowed to warm to 
ambient temperature and stirred for 96 h. The mixture was poured onto ice (exothermic 
reaction!) and the precipitate was filtered and washed with H2O until neutralisation and 
then washed with methanol (200 mL). The colorless residue was recrystallised from 
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hot tetrahydrofuran affording colorless needle-shaped crystals. Yield: 18.12 g (32.39 
mmol, 84 % based on 1,3,5-trichlorobenzene (1)); colorless, crystalline solid, soluble 
in tetrahydrofuran. Anal. calcd for C6Cl3I3 (559.14 g/mol) [%]: C, 12.89; found: C, 
12.98. Mp.: 283 °C. 
13
C{
1
H} NMR [CDCl3, ppm] δ: 98.00 (C-I), 145.78 (C-Cl). IR 
data [KBr, cm
-1] ν: 911 (m, νC-I), 1068 (m, νC-Cl).  
 
4.8 General procedure – Synthesis of 4a,b  
In a Schlenk flask, 50 mL of degassed diisopropylamine, 6.00 mol% of CuI (65.3 
mg, 0.34 mmol) and 0.50 mol% of [PdCl2(PPh3)2] (20 mg, 0.03 mmol) were added and 
the solution was stirred for 5 min. The reaction mixture was treated with 1.00 g (1.79 
mmol) of 2, 3.2 eq of ethynylferrocene (3) (1.20 g, 5.7 mmol) and 6.00 mol% of PPh3 
(90.0 mg, 0.34 mmol) and was then heated to reflux for 24 h, whereby the crimson so-
lution turned orange. After cooling it to room temperature and evaporation of all vola-
tiles, the orange residue was worked-up by column chromatography (column size: 3 x 
10 cm, alumina, n-hexane). As eluent a n-hexane/diethyl ether mixture of ratio 20:1 
(v/v) was used. The 1
st
 fraction contained ethynylferrocene (3), while from the 2
nd
 frac-
tion 4a and from the 3
rd
 fraction 4b could be isolated. All volatiles were removed un-
der reduced pressure. 
 
4.8.1 1,3,5-Trichloro-2-ethynylferrocenyl-4,6-diiodo-benzene (4a)  
Yield: 40 mg (0.062 mmol, 4 % based on 2), orange solid, soluble in dichloro-
methane. Anal. calcd for C18H9FeCl3I2·0.08C6H14 (648.17 g/mol) [%]: C, 34.24; H, 
1.57; found: C, 34.24; H, 1.39. Mp.: 210 °C. 
1
H NMR [CDCl3, ppm] δ: 4.27 (s, 5 H, 
C5H5), 4.32 (pt, JHH = 1.90 Hz, 2 H, C5H4), 4.58 (pt, JHH = 1.90 Hz, 2 H, C5H4). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 63.27 (FcC≡CC6), 69.84 (C5H4), 70.42 (C5H5), 72.10 
(C5H4), 81.38 (Ci-C5H4), 100.59 (C-I), 101.58 (FcC≡CC6), 121.90 (FcC≡CC6), 142.09 
(C-Cl, C-1/3), 143.63 (C-Cl, C-5). IR data [KBr, cm
-1] ν: 826 (s, δo.o.p. =C-H), 1023 (m, 
ν=C-Cl), 1315 (s, νC-H), 1526 (w, νC=C), 2219 (s, νC≡C), 3075 (w, ν=C-H). HR-ESI-MS 
[m/z]: calcd for C18H9FeCl3I2: 639.7154, found: 639.7204 [M]
+
. 
 
4.8.2 Crystal data for 4a 
Single crystals of 4a were obtained by evaporation of a dichloromethane solution 
containing 4a at 25 °C. C18H9FeCl3I2, Mr = 641.25 g·mol
-1
, crystal dimension 0.38 x 
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0.2 x 0.2 mm, triclinic, P–1, λ = 0.71073 Å, a = 7.4387(5) Å, b = 10.1811(8) Å, 
c = 13.7230(8) Å, α = 69.747(6) °, β = 74.437(6) °, γ = 72.227(7) °, V = 912.99(11) Å3, 
Z = 2, ρcalcd = 2.333 g·cm
-3
, μ = 4.643 mm-1, T = 110 K, Θ range = 3.03–26.00 °, re-
flections collected 6949, independent 3562, R1 = 0.0243, wR2 = 0.0497 [I ≥ 2σ(I)].  
 
4.8.3 1,3,5-Trichloro-2,4-bis(ethynylferrocenyl)-6-iodo-benzene (4b) 
Yield: 0.333 g (0.46 mmol, 26 % based on 2), red-orange solid, soluble in dichloro-
methane. Anal. calcd for C30H18Fe2Cl3I (723.42 g/mol) [%]: C, 49.81; H, 2.51; found: 
C, 49.68; H, 2.59. Mp.: 230 °C (decomp.). 
1
H NMR [CDCl3, ppm] δ: 4.28 (s, 10 H, 
C5H5), 4.32 (pt, JHH = 1.90 Hz, 4 H, C5H4), 4.60 (pt, JHH = 1.90 Hz, 4 H, C5H4). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 63.68 (FcC≡CC6), 69.80 (C5H4), 70.48 (C5H5), 72.11 
(C5H4), 80.41 (Ci-C5H4), 101.40 (FcC≡CC6), 102.35 (C-I), 122.93 (FcC≡CC6), 138.30 
(C-Cl, C-3), 140.32 (C-Cl, C-1/5). IR data [KBr, cm
-1] ν: 818 (s, δo.o.p. =C-H), 1002, 
1024 (m, ν=C-Cl), 1346 (s, νC-H), 1540 (w, νC=C), 2209 (s, νC≡C), 3097 (w, ν=C-H). HR-
ESI-MS [m/z]: calcd for C30H18Fe2Cl3I: 721.8215, found: 721.8275 [M]
+
. 
 
4.8.4 Crystal data for 4b  
Single crystals of 4b were obtained by diffusion of methanol into a dichloromethane 
solution containing 4b at 25 °C. C60H36Fe4Cl6I2, Mr = 1446.79 g·mol
-1
, crystal dimen-
sion 0.2 x 0.05 x 0.05 mm, monoclinic, C2/c, λ = 0.71073 Å, a = 27.984(2) Å, 
b = 9.9891(4) Å, c = 20.7362(17) Å, β = 119.178(10) °, V = 5061.0(7) Å3, Z = 4, 
ρcalcd = 1.899 g·cm
-3
, μ = 2.703 mm-1, T = 110 K, Θ range = 2.978–24.998 °, reflec-
tions collected 12898, independent 4411, R1 = 0.1063, wR2 = 0.2768 [I ≥ 2σ(I)].  
 
4.9 Synthesis of 1,3,5-trichloro-2,4,6-tris(ethynylferrocenyl) benzene (4c)  
In a Schlenk flask, 50 mL of degassed diisopropylamine, 6.00 mol% of CuI (81.7 
mg, 0.43 mmol) and 1.00 mol% of [PdCl2(PPh3)2] (50 mg, 0.07 mmol) were added and 
the solution was stirred for 5 min. The reaction mixture was treated with 1.00 g (1.79 
mmol) of 1,3,5-trichloro-2,4,6-triiodo-benzene, 4 eq of ethynylferrocene (3) (1.50 g, 
7.15 mmol) and 6.00 mol% of PPh3 (113.0 mg, 0.43 mmol) and was afterwards heated 
to reflux for 24 h whereby the crimson solution turned into an orange suspension. After 
cooling it to room temperature and evaporation of all volatiles, the orange residue was 
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worked-up by Soxhlet extraction with diethyl ether (20 h) to remove the appropriate 
ammonium salt. The obtained orange precipitate was filtered off and washed with cold 
diethyl ether (2 x 10 mL). The product was dried in oil pump vacuum. Yield: 1.34 g 
(1.66 mmol, 93 % based on 1,3,5-trichloro-2,4,6-triiodo-benzene); orange solid, solu-
ble in dichloromethane. Anal. calcd for C42H27Fe3Cl3 (805.56 g/mol) [%]: C, 62.62; H, 
3.38; found: C, 62.23; H, 3.61. Mp.: 185 °C (decomp.). 
1
H NMR [CDCl3, ppm] δ: 4.30 
(s, 15 H, C5H5), 4.32 (pt, JHH = 1.90 Hz , 6 H, C5H4), 4.61 (pt, JHH = 1.90 Hz, 6 H, 
C5H4). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 63.91 (FcC≡CC6), 69.65 (C5H4, FcC≡C), 70.43 
(C5H5, FcC≡C), 72.05 (C5H4, FcC≡C), 79.60 (Ci-C5H4, FcC≡C), 101.04 (FcC≡CC6), 
123.55 (FcC≡CC6), 136.76 (C-Cl). IR data [KBr, cm
-1] ν: 824 (s, δo.o.p. =C-H), 1025 (m, 
ν=C-Cl), 1359, 1383 (s, νC-H), 1532 (w, νC=C), 2209 (s, νC≡C), 3088 (w, ν=C-H). HR-ESI-
MS [m/z]: calcd for C42H27Fe3Cl3: 803.9226, found: 803.9222 [M]
+
. 
 
4.10 General procedure – Synthesis of 6a-c  
Ferrocene (1.795 g, 9.7 mmol) and KO
t
Bu (0.125 eq, 0.135 g, 1.2 mmol) were dis-
solved in 60 mL of tetrahydrofuran and the solution was cooled to -80 °C. 
t
Butyllithi-
um (2 eq, 1.9 M in n-pentane, 10.15 mL) was added dropwise via a syringe and the 
solution was stirred for 1 h. Then [ZnCl2·2thf] (1 eq, 2.70 g, 9.7 mmol) was added in a 
single portion. The reaction mixture was stirred for additional 30 min at 0 °C. After-
wards, 0.25 mol% of [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 (0.025 g, 0.004 mmol) and 
1/6 eq of 4c (1.295 g, 1.61 mmol) were added in a single portion and the reaction solu-
tion was stirred at 80 °C for 60 h. The crude product was purified by column chroma-
tography (column size: 1.5 x 10 cm, alumina, n-hexane). As eluent a n-hexane/diethyl 
ether mixture of ratio 30:1 (v/v) was used. The first fraction contained ferrocene and 
unknown compounds, while thereafter 1,3-dichloro-5-ferrocenyl-2,4,6-
tris(ethynylferrocenyl) benzene (6a) and 1-chloro-3,5-diferrocenyl-2,4,6-
tris(ethynylferrocenyl) benzene (6b) were eluted. Pure 6c could be isolated using di-
chloromethane as eluent. All volatiles were removed under reduced pressure.  
 
4.10.1 1,3-Dichloro-5-ferrocenyl-2,4,6-tris(ethynylferrocenyl) benzene (6a)  
Yield: 0.046 g (0.05 mmol, 3 % based on 4c), orange solid, soluble in dichloro-
methane. Anal. calcd for C52H36Fe4Cl2 (955.13 g/mol) [%]: C, 65.39; H, 3.80; found: 
C, 65.72; H, 4.36. Mp.: 209 °C. 
1
H NMR [CDCl3, ppm] δ: 4.23 (s, 5 H, C5H5, 2-
FcC≡C), 4.30 (s, 10 H, C5H5, 4,6-FcC≡C), 4.32 (pt, JHH = 1.90 Hz, 2 H, C5H4, 2-
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FcC≡C), 4.32 (s, 5 H, C5H5, Fc), 4.33 (pt, JHH = 1.90 Hz, 4 H, C5H4, 4,6-FcC≡C), 4.48 
(pt, JHH = 1.90 Hz, 2 H, C5H4, Fc), 4.61 (pt, JHH = 1.90 Hz, 4 H, C5H4, 4,6-FcC≡C), 
4.63 (pt, JHH = 1.90 Hz, 2 H, C5H4, 2-FcC≡C), 5.41 (pt, JHH = 1.90 Hz, 2 H, C5H4, Fc). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 64.51 (2-FcC≡CC6), 65.30 (4,6-FcC≡CC6), 68.47 
(C5H4, 5-Fc), 69.41 (C5H4, 4,6-FcC≡C), 69.49 (C5H4, 2-FcC≡C), 70.20 (C5H5, 4,6-
FcC≡C), 70.37 (C5H5, 2-FcC≡C), 70.40 (C5H5, 5-Fc), 71.45 (C5H4, 4,6-FcC≡C), 71.72 
(C5H4, 5-Fc), 71.98 (C5H4, 2-FcC≡C), 80.71 (Ci-C5H4, 2-FcC≡C), 82.65 (Ci-C5H4, 5-
Fc), 83.61 (Ci-C5H4, 4,6-FcC≡C), 99.66 (2-FcC≡CC6), 101.21 (4,6-FcC≡CC6), 122.04 
(4,6-FcC≡CC6), 122.22  (2-FcC≡CC6), 138.13 (C-Cl, C-1,3), 143.27 (5-Fc-C6). IR data 
[KBr, cm
-1] ν: 818 (s, δo.o.p. =C-H), 1000 (m, ν=C-Cl), 1360 (m, νC-H), 1531 (w, νC=C), 2213 
(s, νC≡C), 3089 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C52H36Fe4Cl2: 953.9593, found: 
953.9537 [M]
+
. 
 
4.10.2 Crystal data for 6a  
Single crystals of 6a were obtained by evaporation of a dichloromethane solution 
containing 6a at 25 °C. C52H36Fe4Cl2, Mr = 955.11 g·mol
-1
, crystal dimension 0.4 x 0.3 
x 0.02 mm, orthorhombic, Pccn, λ = 0.71073 Å, a = 12.8015(6) Å, b = 32.736(3) Å, 
c = 18.6516(10) Å, α = β = γ = 90 °, V = 7816.4(9) Å3, Z = 8, ρcalcd = 1.623 g·cm
-3
, 
μ = 1.631 mm-1, T = 110 K, Θ range = 2.873–25.00 °, reflections collected 41618, in-
dependent 6835, R1 = 0.1591, wR2 = 0.3167 [I ≥ 2σ(I)].  
 
4.10.3 1-Chloro-3,5-diferrocenyl-2,4,6-tris(ethynylferrocenyl) benzene (6b)  
Yield: 0.622 g (0.56 mmol, 35 % based on 4c), red solid, soluble in dichloromethane. 
Anal. calcd for C62H45Fe5Cl (1104.70 g/mol) [%]: C, 67.41; H, 4.11; found: C, 67.25; 
H, 4.47. Mp.: 148 °C. 
1
H NMR [CDCl3, ppm] δ: 4.17 (s, 5 H, C5H5, 4-FcC≡C), 4.26 (s, 
10 H, C5H5, 2,6-FcC≡C), 4.27 (pt, JHH = 1.90 Hz, 2 H, C5H4, 4-FcC≡C), 4.32 (s, 10 H, 
C5H5, 3,5-Fc), 4.33 (pt, JHH = 1.90 Hz, 4 H, C5H4, 2,6-FcC≡C), 4.46 (pt, JHH = 1.90 
Hz, 4 H, C5H4, 3,5-Fc), 4.48 (pt, JHH = 1.90 Hz, 2 H, C5H4, 4-FcC≡C), 4.64 (pt, JHH = 
1.90 Hz, 4 H, C5H4, 2,6-FcC≡C), 5.32 (pt, JHH = 1.90 Hz, 4 H, C5H4, 3,5-Fc). 
13
C{
1
H} 
NMR [CDCl3, ppm] δ: 65.96 (2,6-FcC≡CC6), 66.45 (4-FcC≡CC6), 67.80 (C5H4, 3,5-
Fc), 69.04 (C5H4, 4-FcC≡C), 69.30 (C5H4, 2,6-FcC≡C), 70.01 (C5H5, 4-FcC≡C), 70.19 
(C5H5, 3,5-Fc), 70.30 (C5H5, 2,6-FcC≡C), 70.70 (C5H4, 4-FcC≡C), 71.42 (C5H4, 2,6-
FcC≡C), 72.26 (C5H4, 3,5-Fc), 83.76 (Ci-C5H4, 2,6-FcC≡C), 84.44 (Ci-C5H4, 4-
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FcC≡C), 88.01 (Ci-C5H4, 3,5-Fc), 99.57 (4-FcC≡CC6), 101.03 (2,6-FcC≡CC6), 121.59 
(2,6-FcC≡CC6), 121.92  (4-FcC≡CC6), 139.36 (C-Cl, C-1), 143.05 (3,5-Fc-C6). IR data 
[KBr, cm
-1] ν: 818 (s, δo.o.p. =C-H), 1000 (m, ν=C-Cl), 1386 (m, νC-H), 1538 (w, νC=C), 2205 
(s, νC≡C), 3084 (w, ν=C-H). HR-ESI-MS [m/z]: calcd for C62H45Fe5Cl: 1103.9962, found: 
1103.9947 [M]
+
. 
 
4.10.4 2,4,6-Triferrocenyl-1,3,5-tris(ethynylferrocenyl) benzene (6c)  
Yield: 0.230 g (0.18 mmol, 11 % based on 4c), orange solid, soluble in dichloro-
methane. Anal. calcd for C72H54Fe6 (1254.27 g/mol) [%]: C, 68.95; H, 4.34; found: C, 
69.01; H, 4.51. Mp.: 240 °C (decomp.). 
1
H NMR [CDCl3, ppm] δ: 4.19 (s, 15 H, C5H5, 
Fc), 4.29 (pt, JHH = 1.90 Hz , 6 H, C5H4, FcC≡C), 4.31 (s, 15 H, C5H5, FcC≡C), 4.47 
(pt, JHH = 1.90 Hz, 6 H, C5H4, Fc), 4.54 (pt, JHH = 1.90 Hz, 6 H, C5H4, FcC≡C), 5.24 
(pt, JHH = 1.90 Hz, 6 H, C5H4, Fc). 
13
C{
1
H} NMR [CDCl3, ppm] δ: 67.09 (FcC≡CC6), 
67.25 (C5H4, Fc), 69.00 (C5H4, FcC≡C), 70.05 (C5H5, Fc), 70.21 (C5H5, FcC≡C), 70.67 
(C5H4, FcC≡C), 72.80 (C5H4, Fc), 85.05 (Ci-C5H4, FcC≡C), 88.46 (Ci-C5H4, Fc), 
100.62 (FcC≡CC6), 122.46 (FcC≡CC6), 142.42 (Fc-C6). IR data [KBr, cm
-1] ν: 818 (s, 
δo.o.p. =C-H), 1106 (s, νC-C), 1383, 1411 (w, νC-H), 2210 (s, νC≡C), 3094 (w, ν=C-H). HR-
ESI-MS [m/z]: calcd for C72H54Fe6: 1254.0331, found: 1254.0325 [M]
+
. 
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Kapitel I 
I Zusammenfassung 
 
In der vorliegenden Dissertation wurden die Synthese, die Charakterisierung und Untersu-
chungen zum (spektro)elektrochemischen Verhalten von metallorganischen Verbindungen mit 
(hetero)aromatischen Brückenbausteinen vorgestellt. Der Schwerpunkt dieser Arbeit lag dabei 
auf der Ermittlung des Einflusses verschiedenster Brückeneinheiten und redoxaktiver End-
gruppen auf den intramolekularen Elektronen-Transfer.  
Dabei führen große Metall-Metall-Abstände im Molekül beispielsweise durch hohe Ketten-
längen der Brückeneinheiten oder zusätzliche π-konjugierte Gruppen an den Heterozyklen, zu 
einer Erniedrigung der elektronischen Wechselwirkungen zwischen den Metallzentren. Ge-
genüber 2,5-disubstituierter Heteroaromaten ist die Substitution redoxaktiver Gruppen in 3- 
und 4-Position der Heterozyklen für den Elektronentransfer eher hinderlich. Jedoch führen 
andere redoxaktive Übergangsmetallkomplex-Fragmente wie M(dppe)Cp (M = Fe, Ru; Cp = 
(η5-C5H5)) oder RuCl(CO)(P
i
Pr3)2 in Verbindung mit diversen Heterozyklen (2,5-
Substitution), verglichen mit den Ferrocenyl-substituierten Analoga, zu stark koppelnden Sys-
temen. Hierbei begünstigen neben elektronenreichen Heteroaromaten besonders Elektronen-
schiebende Gruppen an der Brückeneinheit die intermetallischen Wechselwirkungen. 
Die erhaltenen Forschungsergebnisse werden in den Kapiteln C – H vorgestellt: 
 
Kapitel C Molecular Wires using (Oligo)pyrroles as Connecting Units – An Electron 
Transfer Study 
Kapitel D 3,4-Ferrocenyl-functionalized Pyrroles: Synthesis, Structure and (Spec-
tro)Electrochemical Studies 
Kapitel E The Influence of an Ethynylspacer on the Electronic Properties in 2,5-
Ferrocenyl-substituted Heterocycles 
Kapitel F Five-membered Heterocycles as Linking Units in Strongly Coupled Homo-
bimetallic Group-8 Metal Halfsandwich Complexes 
Kapitel G Electronically Strongly Coupled Divinylheterocyclic-Bridged Diruthenium 
Complexes Bearing Ru(CO)Cl(P
i
Pr3)2 Termini 
Kapitel H 1,3,5-Triferrocenyl-2,4,6-tris(ethynylferrocenyl)-benzene – A new Member of 
the Family of Multiferrocenyl-functionalized Cyclic Systems 
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Kapitel C 
In Kapitel C wird die Synthese von 2,5-Ferrocenyl-substituierten (Oligo)pyrrolen (4, 9, 16, 
20, Abb. I1) durch Palladium-katalysierte Negishi C,C-Kreuzkupplungsreaktionen beschrie-
ben. Die elektronischen Eigenschaften der Übergangsmetallverbindungen wurden mittels 
Elektrochemie und UV-Vis/NIR Spektroelektrochemie untersucht. In den CVs und SWVs 
zeigen die Ferrocenyl-Gruppen der Pyrrole 4, 9 and 16 eine Redoxaufspaltung von 450 mV 
(4), 320 mV (9) und 165 mV (16), während im Quarterpyrrol die Oxidation der redoxaktiven 
Gruppen simultan erfolgt. Zusätzlich werden ein (9) oder zwei (16, 20) reversible Ein-
Elektronen-Redoxprozesse, verursacht durch die Oxidation der Pyrrol-Kette, beobachtet. Die-
se sind durch ein größeres π-System zu kathodischen Potentialen verschoben. Es zeigte sich in 
den UV-Vis/NIR spektroelektrochemischen Messungen, dass die zunehmende Kettenlänge 
und somit der größere Metall-Metall-Abstand zu einer Verringerung der intermetallischen 
Wechselwirkungen beiträgt. Die Intensität der beobachteten IVCT-Bande für die gemischt-
valenten Spezies sinkt (4
+
 > 9
+
 > 16
+
) und ihr Absorptionsmaximum wird hypsochrom ver-
schoben. Dies deutet daraufhin, dass für einen Elektronen-Transfer über die längere Kette 
mehr Energie notwendig ist. Im zweifach oxidierten Zustand zeigen die Verbindungen 
schwache (4) bis intensive (9, 16 and 20) Landungstransfer-Übergänge, die mit steigender 
Anzahl der Pyrrol-Einheit intensiver und bathochrom verschoben werden. 
Verglichen mit den Diferrocenyl-substituierten (Oligo)furanen und -thiophenen (siehe Kapitel 
B-2.1) haben die (Oligo)pyrrole leicht bessere elektronische Wechselwirkungen, aufgrund der 
geringeren Energielücke zwischen den Orbitalen der redoxaktiven Ferrocenyle und der verb-
rückenden Einheit. 
 
Abbildung I1. Ferrocenyl-substituierte (Oligo)pyrrole. 
 
Kapitel D 
Im Rahmen des Kapitels D wird die Synthese und Charakterisierung von 3,4-
Ferrocenylpyrrolen 3,4-Fc2-
c
C4H2NR (Fc = Fe(η
5
-C5H4)(η
5
-C5H5); 3a, R = Ph; 3b, R = SO2-4-
MeC6H4 (Ts); 3c, R = Si
i
Pr3), von 3,4-Bis(ferrocenylethynyl)pyrrolen 3,4-(FcC≡C)2-
c
C4H2NR 
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(4a, R = Ph; 4b, R = Ts) und 3-Br-4-FcC≡C-cC4H2NR (7a, R = Ph; 7b, R = Ts) vorgestellt. 
Im Gegensatz zu den Oligopyrrolen, unsubstituierten und 2,5-substituierten Pyrrolen weisen 
die neuen Verbindungen einen recht geringen Delokalisierungsgrad zwischen den formalen 
C,C-Einfach- und C,C-Doppelbindungen auf. Während der elektrochemischen Messungen 
können alle Ferrocenyl-Endgruppen separat oxidiert werden. Es wird jedoch deutlich, dass die 
ΔE°′-Werte für die Diferrocenyl-Pyrrole stark vom Substitutionsmuster abhängig sind. Die 
Redoxaufspaltung (3a: ΔE°′ = 285) ist verglichen mit den entsprechenden 2,5-Isomer (ΔE°′ = 
450 mV) recht niedrig und liegt im Bereich der Diferrocenylthiophene (2,5-Isomer: 260 mV; 
3,4-Isomer: 244 mV). Weiterhin führen der elektronenziehende Tosyl-Substituent (3b, 4b), 
gegenüber der Phenyl-Funktionalität (3a, 4a), und die zusätzlichen Ethinyl-Gruppen zu gerin-
geren Redoxaufspaltungen. Spektroelektrochemische Untersuchungen zeigen nur für die 3,4-
Ferrocenyl-substituierten Pyrrole (3a, 3b) IVCT-Absorptionen und somit schwache interme-
tallische Wechselwirkungen. Die Verbindungen 4a und 4b sind hingegen Klasse I Systeme 
nach Robin und Day. 
D29
 
 
Kapitel E 
Kapitel E befasst sich mit der Synthese und Charakterisierung einer Serie von 2,5-
Diethynylferrocenyl-substituierter Heterozyklen einschließlich Pyrrol, Thiophen und Furan 
(Abb. I2). Die metallorganischen Verbindungen waren über eine Sonogashira C,C-
Kreuzkupplungsreaktion der halogenierten Heteroaromaten mit Ethinylferrocen zugänglich. 
Aus den elektrochemischen Messungen bzw. den hohen ΔEp Werten (140 mV, 3b; 144 mV, 
3c) geht hervor, dass die Oxidation der individuellen Ferrocenyl-Gruppen sehr eng beieinan-
der liegt und somit  keine Redoxaufspaltung zu beobachten ist. Dennoch kann für die Kom-
plexe 3a-c mithilfe der Richardson und Taube Methode 
E63
 bzw. der Dekonvolution eine ge-
ringe Separation berechnet werden. Bemerkenswert ist, dass in in situ spektroelektrochemi-
schen UV-Vis/NIR- und IR-Studien die gemischt-valenten Verbindungen detektiert werden 
konnten. Somit sind die Komplexe 3a-c schwach koppelnde Systeme der Klasse II nach Ro-
bin und Day. 
E70
  
 
Abbildung I2. 2,5-Diethynylferrocenyl-substituierte Heterozyklen. 
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Auch hier wird in einem Vergleich mit dem 3,4-Isomer (4a) aus Kapitel D deutlich, dass die 
2,5-Position für den intramolekularen Elektronen-Transfer begünstigt ist. Ferner demonstriert 
die Gegenüberstellung des Redoxverhaltens mit denen von 2,5-Fc2-
c
C4H2E (E = NPh, S, O), 
E18,E49
 den negativen Einfluss der Ethinyl-Gruppe auf die Redoxseparation sowie die Banden-
form und Intensität des IVCT-Übergangs. 
 
Kapitel F 
In Kapitel F wird eine Serie von Eisen- und Ruthenium-haltigen Verbindungen mit Thiophen 
und Furan als π-konjugierte Brückeneinheit des Typs 2,5-((η5-C5H5)(dppe)MC≡C)2-
c
C4H2E 
(E = O (11), S (12); M = Fe (a), Ru (b) studiert. In einer dreistufigen Reaktion wurden die 
Me3SiC≡C geschützten Heterozyklen mit den Halbsandwich-Komplexen umgesetzt. Inner-
halb dieser Serie konnte der signifikante Einfluss des Metalls und des Heteroatoms auf die 
intramolekularen elektronischen Wechselwirkungen in der gemischt-valenten Spezies unter-
sucht werden. Große Aufspaltungen zwischen den einzelnen reversiblen Ein-Elektronen Re-
doxprozessen der redoxaktiven Gruppen und demzufolge große KC Werte (6.87·10
4
 bis 
9.33·10
5
) deuten auf starke Ladungsdelokalisation in 11a,b
+
 und 12a,b
+
. Dies wird durch 
zahlreiche spektroelektrochemische Messungen (UV-Vis/NIR, IR, ESR) bestätigt. Zum einen 
werden in UV-Vis/NIR-Studien schmale, intensive und Lösungsmittel-unabhängige π(dπ) → 
π*(dπ) Absorptionen detektiert. Diese weisen eine Schulter im Hoch-Energie-Bereich auf, 
welche auf das gleichzeitige Vorhandensein zweier thermisch zugänglicher Konformere mit 
unterschiedlichen Anregungsenergien schließen lässt. Zum anderen zeigen die IR Spektren für 
11a,b
+
 und 12a,b
+ 
eine einzelne bathochrom verschobene Streckschwingung mit kumuleni-
schem Charakter der (η5-C5H5)(dppe)M=C=C Einheit. 
 
Abbildung I3. Thiophen- und Furan-verbrückte Halbsandwich-Verbindungen. 
Weiterhin steht der geringe Anisotropie-Tensor g aus den ESR-Messungen im Einklang mit 
der starken Delokalisation. DFT- und TD-DFT-Rechnungen unterstützen das nebeneinander 
Vorliegen zweier Konformere. Hierbei ergibt sich für das Konformer (0,0) eine delokalisierte 
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Struktur, hingegen für das Konformer (0,90), in welchem eine redoxaktive Gruppe um 90 ° 
verdreht ist, ein eher lokalisiertes Verhalten (Abb. I3). 
Innerhalb dieser Serie wird deutlich, dass die elektronische Kopplung der Furan-Derivate ge-
genüber der isostrukturellen Thiophene größer ist. Zusätzlich beeinflusst der Wechsel von 
Eisen zu Ruthenium die diadiabatische Reorganisationsenergie λ negativ und infolgedessen 
ΔG°r. Die Verbindung von fünf-gliedrigen Heteroaromaten mit diesen Halbsandwich-
Komplexen führt zu stark koppelnden Systemen (Klasse III). Verglichen mit den Ferrocenyl-
substituierten Analoga begünstigt die direkte Metall-Kohlenstoff-Bindung und somit einen 
bessere Orbitalüberlappung zwischen Metall und Brücke den intramolekularen Ladungstrans-
fer. 
 
Kapitel G 
Die Abhandlungen in Kapitel G zeigen den Einfluss von verschiedenen Heteroaromaten so-
wie von diversen elektronenschiebenden und -ziehenden Substituenten am Phenylring des N-
funktionalisierten Pyrrol-Systems 10a-g auf die elektronischen Eigenschaften (Abb. I4). Die 
Synthese der zweikernigen Ruthenium-Komplexe wurde durch Entschützen der Me3Si-
Gruppe und anschließende Hydroruthenierung der terminalen Alkine realisiert. 
 
Abbildung I4. Divinyl-heterozyklisch verbrückte Diruthenium-Komplexe 10-13. 
 
Die Strukturen im Festkörper von 12 und 13 wurden durch die Röntgen-Einkristall-
Strukturanalyse bestimmt und sind die ersten kristallographisch untersuchten Verbindungen, 
in denen zwei redoxaktive RuCl(CO)(P
i
Pr3)2 Gruppen durch einen Fünf-Ring-Heteroaromat 
verbrückt sind. Die CVs zeigen eine reversible Oxidation für jedes Metallzentrum, wobei  ein 
abnehmender Trend der Redoxaufspaltung (von 495 bis 350 mV) in der Molekülreihe 10a > 
10g und in der Serie Pyrrol > Furan > Thiophen beobachtet werden kann. Dabei kann für die 
Pyrrole mit funktionalisiertem Phenyl-Substituent (10a-f) eine lineare Beziehung zwischen 
der Redoxseparation und der σp Hammett-Konstante festgestellt werden. Über das gesamte 
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{Ru}-CH=CH-Heterozyklus-CH=CH-{Ru} Rückgrat liegt für die gemischt-valenten Spezies 
10a
+
-g
+
 und 11
+
-13
+
 eine Delokalisation vor, da zum einen nur eine Carbonyl-
Schwingungsbande im IR detektiert wird. Zum anderen werden in UV-Vis/NIR spektroelekt-
rochemischen Studien Ladungstransfer-Übergänge mit gleichen Charakteristiken für die Ab-
sorptionsbanden wie für die Verbindungen aus Kapitel F gefunden. Das Absorptionsmaxi-
mum ist innerhalb der Komplexe 10a
+
-g
+
 und in der Reihe 11
+
 > 12
+
 > 13
+
 bathochrom ver-
schoben, während der elektronische Kopplungsparamter Hab in einem Bereich von 4800 bis 
6100 cm
-1
 liegt. ESR Messungen bei Raumtemperatur und in gefrorenen Lösungen bestätigen 
auch, dass die Ladung komplett delokalisiert zwischen den Metallzentren über die heterozyk-
lische Brücke vorliegt. Somit sind diese Komplexe 10a-g und 11-13 als stark koppelnde Klas-
se III Verbindungen nach Robin und Day 
G85
 zu verstehen. Verglichen mit der Reihe 2,5-
Ferrocenyl-substituierter Heterozyklen, ist die (-CH=CH)RuCl(CO)(P
i
Pr3)2 Einheit verant-
wortlich für einen stärkeren Beitrag der “Brücke” zu den relevanten “Redoxorbitalen”. Um 
die Erkenntnisse aus den elektrochemischen und spektroelektrochemischen Ergebnissen wei-
ter zu verifizieren, werden noch DFT-Rechnungen folgen. 
 
Kapitel H 
Die Synthese und (spektro)elektrochemische Charakterisierung einer Serie von multimetalli-
schen Ethinylferrocenyl- und Ferrocenyl-substituierten Benzolen wird in Kapitel H vorgestellt 
(Abb. I5). Die Moleküle 4a-c und 6a-c konnten selektiv über Palladium-katalysierte Sono-
gashira und Negishi C,C-Kreuzkupplungsreaktionen der entsprechenden halogenierten Aro-
maten mit Ethinylferrocen bzw. FcZnCl dargestellt werden. Für die Bildung von 4c waren 
jedoch die Katalysatorkonzentration sowie die Menge an Ethinylferrocen entscheidend. Aus 
den röntgenkristallographischen Messungen geht hervor, dass in 6a intra- und intermolekulare 
T-förmige π–π-Wechselwirkungen auftreten. Die Redoxeigenschaften von 4a–c und 6a–c 
wurden durch zyklische und Square Wave Voltammetrie bestimmt. Dabei werden die Fer-
rocenyl-Gruppen in den Verbindungen 4b,c gleichzeitig oxidiert. Ursache hierfür ist die parti-
ell negative Ladung der Chloratome zwischen den oxidierten Ferrocenylen. Die attraktiven 
elektrostatischen Fc
+–Clδ--Wechselwirkungen kompensieren die repulsiven elektrostatischen 
Fc
+–Fc+-Wechselwirkungen, was zu einer Destabilisierung des gemischt-valenten Zustandes 
führt. Hingegen zeigt das 1,3,5-Tris(ethynylferrocenyl)benzol unter Verwendung von WCAs 
als Elektrolyten gut separierte reversible Redoxprozesse. 
H6b,c,H23
 Beim Vergleich mit dem 
literaturbekannten Ferrocenylbenzol 
H29
 and Ethinylferrocenylbenzol 
H30
 wird deutlich, dass 
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die direkt gebundenen Ferrocenyl-Einheiten in 6a–c zuerst oxidiert werden. Die repulsiven 
elektrostatischen Fc
+–Fc+-Wechselwirkungen führen außerdem zu einer separaten Oxidation 
der FcC≡C Gruppen in 6c, sodass insgesamt sechs reversible Ferrocenyl-basierte Redoxpro-
zesse zu beobachten sind. Für die gemischt-valenten Spezies 6c
+
 und 6c
2+
 werden in in situ 
UV-Vis/NIR Messungen schwache IVCT-Anregungen detektiert, die von den Interaktionen 
der Fe(II)/Fe(III)-Metallzentren direkt gebundener  Ferrocenyl-Gruppen herrühren. Die spekt-
roskopischen Eigenschaften ähneln denen der Verbindungen 1,3,5-Fc3C6H3 und 2,4,6-
Fc3C5H2N 
H1c
  und somit sind die geladenen 6c
n+
 (n = 1, 2) Komplexe auch schwach koppeln-
de Systeme der Klasse II. Wie in situ UV-Vis/NIR Untersuchungen von 1-Ethinylferrocenyl-
2-ferrocenylbenzol (9) bestätigen, findet kein Elektronen-Transfer zwischen den ortho-
substituierten Fc
+/FcC≡C Gruppen statt. Die Verbindungen 6a und 6b gehören der Klasse I 
nach Robin und Day
 H35
 an, da hier nur LMCT-Übergänge zu finden sind. 
 
Abbildung I5. (Multi)metallische Sechs-Ring-Aromaten 4a-c und 6a-c. 
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1. Appendix Kapitel C 
Molecular Wires using (Oligo)pyrroles as Connecting 
Units – An Electron Transfer Study  
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Abstract 
A series of (oligo)pyrroles featuring redox-active terminal ferrocenyl groups (Fc2-
(
c
C4H2NPh)n (4, n = 1; 9, n = 2; 16, n = 3; 20, n = 4)) has been prepared using a Negishi C,C 
cross-coupling reaction protocol. The bi-, ter- and quarterpyrrole wire moieties have been 
built up by C,C cross-coupling reactions of trimethyl silyl protected pyrrole units in the pres-
ence of [Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 as precatalyst. The structural properties of the title 
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compounds were investigated by spectroscopic means and single-crystal X-ray diffraction 
studies (9, 16 and 20). The influence of the increasing number of N-phenyl pyrrole units on 
the electronic interaction between the iron centres was studied using electrochemistry (cyclic 
(CV) and square wave voltammetry (SWV)) as well as spectro-electrochemistry (in situ UV-
Vis/near-IR spectroscopy). With exception of the diferrocenyl quarterpyrrol 20, the applica-
tion of [N
n
Bu4][B(C6F5)4] as electrolyte allows the discrete oxidation of the ferrocenyl termini 
(∆E°  ′ = 450 mV (4), ∆E°  ′ = 320 mV (9), ∆E°   ′ = 165 mV (16)) in cyclic and square wave volt-
ammograms. However, the iron centres of 20 were oxidized simultaneously, generating dica-
tionic 20
2+
. Additionally, one (9) or two (16 and 20) pyrrole-related well-defined reversible 
one-electron redox processes were observed. The cyclic voltammetry data reveal that the 
splitting of the ferrocene-based redox couples, ∆E°  ′, decreases with increasing oligo-pyrrole 
chain length and hence, the larger metal-metal distance. The trends in ∆E°  ′ with oligo-pyrrole 
structure also map to the electronic coupling between the ferrocene moieties as estimated by 
spectroelectrochemical UV-Vis/near-IR measurements. Despite no direct metal-metal interac-
tion in diferrocenyl quarterpyrrole 20, a large absorption in the near-IR region is observed 
arising from photo-induced charge transfer from the oligopyrrole backbone to the redox-
active ferrocenyl termini. These charge transfer absorptions have also been found in the dica-
tionic oxidation state of the mono-(4), bi- (9) and terpyrroles (16). Within this series of difer-
rocenyl(oligo)pyrroles this CT band is shifted bathochromically with increasing chain length 
of the backbone motif.  
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2. Appendix Kapitel D 
3,4-Ferrocenyl-functionalized Pyrroles: Synthesis, 
Structure and (Spectro)Electrochemical Studies 
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Abstract 
The synthesis of 3,4-diferrocenyl pyrroles of type 3,4-Fc2-
c
C4H2NR (Fc = Fe(η
5
-C5H4)(η
5
-
C5H5); 3a, R = Ph; 3b, R = SO2-4-MeC6H4 (= Ts); 3c, R = Si
i
Pr3), 3,4-(FcC≡C)2-
c
C4H2NR 
(4a, R = Ph; 4b, R = Ts) and 3-Br-4-FcC≡C-cC4H2NR (7a, R = Ph; 7b, R = Ts) from 3,4-Br2-
c
C4H2NR (2a, R = Ph; 2b, R = Ts; 2c, R = Si
i
Pr3) is discussed. The molecular structures of 
3a,b, 5, 4b and 7b in the solid state are reported showing that the formal double bonds in the 
heterocyclic core are rather localized compared to pyrrole itself. The investigations with 
(spectro)electrochemical methods reveal the different capabilities for the formation of mixed-
valent species and allows the classification of 3a,b as class II systems, while compounds fea-
turing electron withdrawing -C≡C- units (4a,b) can be assigned to class I systems according 
to Robin and Day. 
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3.  Appendix Kapitel E 
The Influence of an Ethynylspacer on the Electronic 
Properties in 2,5-Ferrocenyl-substituted Heterocycles 
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Abstract 
A series of binuclear complexes based on five-membered heterocycles featuring alkynyl fer-
rocenyl groups, 2,5-(FcC≡C)2-
c
C4H2E (E = NPh, 3a; S, 3b; O, 3c), has been synthesized using 
the Sonogashira C,C cross-coupling protocol. The molecular structures of 3a and 3c in the 
solid state are discussed. The influence of the ethynyl unit on the electronic and (spec-
tro)electrochemical properties of these compounds is shown by cyclic voltammetry (CV), 
square wave voltammetry (SWV) and in situ UV/Vis-near-IR and IR spectroscopy. The high 
ΔEp values (140 to 204 mV) of the single reversible redox events indicate that two individual 
oxidation processes take place in a close potential range. Nevertheless, the near-IR measure-
ments indicate weak and broad intervalence charge transfer (IVCT) absorptions for the 
mixed-valent monocationic species 3a-c
+
. Compared to 2,5-Fc2-
c
C4H2E (E = NPh, S, O) the 
absorptions for the IVCT transitions are shifted hypsochromically, showing that the charge 
transfer process is promoted at higher excitation energies, due to larger metal-metal distances 
in 3a-c. The occurrence of IVCT absorptions demonstrates that the 2,5-diethynylferrocenyl 
heterocycles are class II systems according to Robin and Day. 
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4. Appendix Kapitel F 
Five-membered Heterocycles as Linking Units in 
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Abstract 
The synthesis and characterization of a series of alkynyl half-sandwich complexes of type 2,5-
((η5-C5H5)(dppe)MC≡C)2-
c
C4H2E (E = O (11), S (12); M = Fe (a), Ru (b); dppe = 1,2-
bis(diphenylphosphino)ethane) is reported. The molecular structures of 11a and 12a,b in the 
solid state have been determined by single-crystal X-ray diffraction. The influence of different 
metals and the variation of the heterocyclic bridge on the electronic interactions between the 
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terminal redox-active units in 11a,b and 12a,b was studied using electrochemical (cyclic 
(CV) and square wave voltammetry (SWV)) and spectroelectrochemical (in situ UV-Vis/near-
IR, ESR and IR spectroscopy) methods and DFT calculations. Electrochemical studies 
demonstrated that mixed-valent species 11a,b
+
 and 12a,b
+
 exhibit high thermodynamic stabil-
ities with respect to disproportionation (KC values from 6.87·10
4
 to 9.33·10
5
). In situ spectroe-
lectrochemical ESR and IR measurements display delocalization of the single electron be-
tween the metal centers M/M
+
 revealing that within this setup five-membered heterocycles are 
well suited to promote intramolecular metal-metal interactions. Furthermore, the UV-
Vis/near-IR spectra of mixed-valent 11a,b
+
 and 12a,b
+
 show intense, narrow and non-
solvatochromic π(dπ) → π*(dπ) absorptions in the near-IR region with a high energy shoul-
der. Both experimental and computational results suggest that at least two thermally accessi-
ble rotation conformers of the organometallic termini of 11a,b and 12a,b contribute to the 
electronic spectra of these compounds. One of the conformers can clearly be characterized as 
a delocalized class III system, while the other shows a more localized behavior.  
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5. Appendix Kapitel G 
Electronically Strongly Coupled Divinylheterocyclic-
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Abstract 
Diruthenium complexes of type [{RuCl(CO)(P
i
Pr3)2}2(μ-2,5-(CH=CH)2-
c
C4H2E] containing 
divinyl heterocyclic bridging ligands (E = NR; R = C6H4-4-NMe2 (10a), C6H4-4-OMe (10b), 
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C6H4-4-Me (10c), C6H5 (10d), C6H4-4-CO2Et (10e), C6H4-4-NO2 (10f), C6H3-3,5-(CF3)2 
(10g), CH3 (11); E = O (12), S (13)) have been prepared by hydrometalation of the respective 
terminal alkynes with two equiv. of HRuCl(CO)(P
i
Pr3)2. Alkynes 2,5-(Me3SiC≡C)2
c
C4H2E (E 
= NR; R = C6H4-4-NMe2 (6a), C6H4-4-Me (6c), C6H5 (6d), CH3 (7)) and the diruthenium 
complexes 12 and 13 have been structurally characterized by single crystal X-ray diffraction 
analysis. (Spectro)electrochemical investigations including cyclic and square-wave voltam-
metry and in situ UV-Vis/NIR, IR and EPR spectroscopy show a strong influence of the na-
ture of the heteroatom as well as the electron-donating and/or electron-withdrawing substitu-
ents R/R´ in 10a-g on the electronic properties. The CVs display reversible one-electron redox 
events for each ruthenium center and their redox splittings (ΔE°′) range from 350 to 495 mV. 
A linear relationship between the redox splitting and the σp Hammett constant for 10a-f exists. 
Furthermore, within the series of different heteroatoms (10 – 13), a decrease of the redox 
splitting as well as the anodic shift of the redox potentials from the most electron-rich bridg-
ing unit in 10a to the electron-poorest one in 13 is observed. The single ν(Ru(CO)) band in 
the IR spectra for mixed-valent 10
+
 – 13+ indicates a fully delocalization over the 
{Ru}CH=CH-heterocycle-CH=CH{Ru} backbone. EPR studies at ambient temperature and 
in frozen solutions reveal an intrinsically delocalization, too. Beyond this, the band shape as 
well as the solvent-independency of the π → π* transitions in the UV-Vis/NIR spectra of the 
mixed-valent species argues for strong electronic interactions. The absorption maxima show a 
bathochromic shift within complexes 10a
+
-g
+
 and in the order 11
+
 > 12
+
 > 13
+
, while the elec-
tronic coupling parameter Hab is ranging from 4800 to 6100 cm
-1
. Hence, these results show 
that the charge is fully delocalized between the two ruthenium centers over the heterocyclic 
backbone and therefore, complexes 10 – 13 can be classified as strongly coupled class III sys-
tems according to Robin and Day. In quantum chemical studies geometry-optimized struc-
tures were calculated for selected compounds (10d, 12 and 13) in oxidation states 0 – 2+. Ex-
perimental results of the spectroelectrochemical studies are reproducible and calculated struc-
ture parameters are compatible to experimental ones. 
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6. Appendix Kapitel H 
1,3,5-Triferrocenyl-2,4,6-tris(ferrocenylethynyl)-
benzene – A new Member of the Family of Multiferro-
cenyl-functionalized Cyclic Systems   
 
Ulrike Pfaff, Grzegorz Filipczyk, Alexander Hildebrandt, Marcus Korb and Heinrich 
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Publiziert in Dalton Transactions, 2014, 43, 16310–16321. 
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Abstract 
The consecutive synthesis of 1,3,5-triferrocenyl-2,4,6-tris(ethynylferrocenyl)benzene 
(6c) is described using 1,3,5-Cl3-2,4,6-I3-C6 (2) as starting compound. Subsequent 
Sonogashira C,C cross-coupling of 2 with FcC≡CH (3) in the molar ratio of 1:4 af-
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forded solely 1,3,5-Cl3-2,4,6-(FcC≡C)3-C6 (4c) (Fc = Fe(η
5
-C5H4)(η
5
-C5H5)). Howev-
er, when 2 is reacted with 3 in a 1:3 ratio a mixture of 1,3,5-Cl3-2-(FcC≡C)-4,6-I2-C6 
(4a) and 1,3,5-Cl3-2,4-(FcC≡C)2-6-I-C6 (4b) is obtained. Negishi C,C cross-coupling 
of 4c with FcZnCl (5) in the presence of catalytic amounts of 
[Pd(CH2C(CH3)2P(
t
C4H9)2)(µ-Cl)]2 gave 1,3-Cl2-5-Fc-2,4,6-(FcC≡C)3-C6 (6a), 1-Cl-
3,5-Fc2-2,4,6-(FcC≡C)3-C6 (6b) and 1,3,5-Fc3-2,4,6-(FcC≡C)3-C6 (6c) of which 6b is 
the main product. Column chromatography allowed the separation of these organome-
tallic species. The structures of 4a,b and 6a in the solid state were determined by sin-
gle crystal X-ray diffractometry showing a π-π interacting dimer (4b) and a complex 
π-π pattern for 6a. The electrochemical properties of 4a–c and 6a-c were studied by 
cyclic voltammetry (= CV) and square wave voltammetry (= SWV). It was found that 
the FcC≡C-substituted benzenes 4a–c show only one reversible redox event, indicat-
ing a simultaneous oxidation of all ferrocenyl units, whereby 4c is most difficult to 
oxidise (4a, E°1 = 190, ∆Ep = 71; 4b, E°1 = 195, ∆Ep = 59; 4c, E°1 = 390, ∆Ep = 59 
mV). In case of 4c, the oxidation states 4c
n+ 
(n = 2, 3) are destabilised by the partial 
negative charge of the electronegative chlorine atoms, which compensates the repul-
sive electrostatic Fc
+–Fc+ interactions with attractive electrostatic Fc+–Clδ- interac-
tions. When ferrocenyl units are directly attached to the benzene C6 core, organome-
tallic 6a shows three, 6b five and 6c six separated reversible waves highlighting that 
the Fc units can separately be oxidised. UV-Vis/near-IR spectroscopy allowed to de-
termine IVCT absorptions (= Inter Valence Charge Transfer) for 6c
n+
 (n = 1, 2) (n = 
1: νmax = 7860 cm
-1, εmax = 405 L·mol
-1
·cm
-1, Δν1/2 = 7070 cm
-1; n = 2: νmax = 9070 cm
-
1, εmax = 620 L·mol
-1
·cm
-1, Δν1/2 = 8010 cm
-1
) classifying these mixed-valent species 
as weakly coupled class II systems according to Robin and Day, while for 6a,b only 
LMCT transitions (= Ligand to Metal Charge Transfer) could be detected. 
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